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Graphene oxide (GO), an exfoliated oxidized product of pristine 
graphite, has attracted increasing attention for the past few years due to its 
two-dimensional (2D) atomic thickness monolayer structure with great 
mechanical strength, large specific surface area, good thermal stability and 
potentially low cost of manufacturing. The integration of GO as support 
materials with electro- and photo-active nanoparticles allows the synergic 
properties of the composite, which are not found in the individual components, 
to be engineered for specific applications in electrochemical and 
photoelectrochemical devices, typically such as supercapacitors, solar cells 
and fuel cells.  This thesis work studies the confinement and nanostructure of 
electro- and photo-active intercalants between GO support. 
With the aim of providing molecular-level understanding on 
confinement of intercalants between GO nanosheets by Langmuir-Blodgett 
assembly, quantitative analysis based on Gouy-Chapman-Stern model and 
Poisson-Boltzmann equation were carried out to establish the relationship of 
intermolecular potential energy and interaction force with pH, inter-particle 
distance, electrolyte types or particle size. For GO nanosheets, the 
corresponding profile quantifies the stability of GO nanosheets with potential 
energy barrier at the order of 10-4 J m-2. Also, it is found that the profile of 
highest intermolecular potential energy with variables of pH and distance is 
divided by different electrolyte types, providing a useful map to determine the 
optimized combination of conditions. Derived intermolecular force between 






Surfactant-directed template method provides a favorable pathway to 
tune the morphology and density of intercalated polymers between GO 
nanosheets. We studied the cationic surfactant assembly behavior and patterns 
in the range of concentration below critical micelle concentration (cmc) on 
charged GO nanosheets. In extremely low concentration, cationic surfactants 
with different alkyl chain lengths show almost the same behavior by lying 
down at the interface of GO nanosheets in lamellar structure. Surfactant 
assembly patterns were investigated by atomic force microscopy (AFM) 
complemented with XRD, UV-Visible and FT-IR spectroscopic analyses, to 
monitor the transition of assembly structures with different curvatures on GO. 
While the concentration approaching cmc, freely existing non- or weakly-
adsorbing surfactant micelles lead to the depletion attraction between 
surfactant-modified GO nanosheets. Surface charge density of GO nanosheet 
could be tuned by cationic surfactants at a higher rate in aqueous solution with 
stronger ionic strength. Also, we studied the effect of polymer chain density 
on adsorption of Na-Cl ionic fluid confined in the slit-shaped pore by 
canonical ensemble Monte Carlo simulation and found that the relationship 
between in-wall polymer density and adsorption capacity is not simply 
monotonous. 
Additionally, photoactive hollow N-doping TiO2 microspheres were 
synthesized as effective photoelectrochemical intercalants between GO 
support. With the utilization of water as a hollowing controller and 
diethylenetriamine as both crystal growth stabilizer and N dopant source, a 
green solvothermal synthesis is established to prepare the superstructured N-





antase {101}. Photocatalytic degradation properties were significantly 
improved in N-doped TiO2 spheres with various structures synthesized by 
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1.1 Energy perspectives and electrochemical energy conversion 
Conventional energy resources, including crude oil, fossil fuels and 
their reserves, are being consumed rapidly but take millions of years to 
regenerate. Meanwhile, the environmental trade-off, such as air pollution and 
global warming, could not be avoided in the exploitation and utilization of 
those energy resources. Hence, it brings strong demands for exploration of 
sustainable and clean energy resources. According to German Advisory 
Council on Global Change’s flagship report in 2011, renewable energy 
sources are accorded priority in the energy system leading to the substitution 
of existing conventional energy carriers. Figure 1.1 shows the vision on 
distribution of global primary energy demanding by 2050, using the direct 
energy equivalency method. The scenario is based on an extrapolation of 
current expansion rate for renewable energy without the consideration of the 
economy of existing infrastructures and the availability of key materials.  
Although there are diverse existing forms of energy, only a few of 
them could be directly used in our daily life, such as electricity and chemicals. 
Hence, it is desired to develop applicable high-efficient energy conversion and 
storage devices for powering an increasingly diverse range of practical 
applications, ranging from portable electronics to electric vehicles (EVs) or 
hybrid EVs (HEVs) with low cost (Arico, Bruce et al. 2005; Maier 2005; Guo, 





tailoring electro- and photo-active structured materials with appropriate 
physicochemical properties, including specific surface area, surface chemical 
functionalities, electrical conductivity, thermal stability and processibility, 
becomes one of the key challenges to support the high performance of 
fabricated electronic devices. In this thesis, our work is mainly concentrated 
on studying confinement and nanostructure of electro- and photo-active 
intercalants based on two-dimensional (2D) GO support. 
 
Figure 1.1 Source: German Advisory Council on Global Change (WBGU), Flagship Report 
on World in Transition A Social Contract for Sustainability 2011 (Figure 4.1-1). The dotted 
line shows the development of global primary energy demand without transformation. CHP = 
combined heat and power (WBGU 2011). 
 
In the long-term anticipation, solar power energy as the original energy 
conversion resource plays a leading role in the transforming and utilization of 
clean energy by photoelectrochemical process. Solar cell sets a good example 
for commercialized energy-transforming devices by photovoltaic effect.  
Besides that, hydrogen serves as an attractive energy carrier because the use of 
hydrogen as a fuel can achieve a much higher energy conversion efficiency 
than the conventional fossil fuels and offers sustainable energy system with 
less emission. It has the potential to meet the world's energy requirements and 





future provided it can be produced by using solar energy. 
Photoelectrochemical splitting of water into hydrogen and oxygen by the 
direct use of solar energy is a low cost and environment-friendly method for 
hydrogen production that integrates solar energy collection and water 
electrolysis into a single cell for solar hydrogen generation (Toyao, Iyatani et 
al. 2013). 
 
1.2 Significance of nanostructure for electrochemical energy 
conversion 
Much effort has been exerted on developing nanostrutured electro- and 
photo-active materials with desired functionalities for better performance of 
electrochemical devices. Beyond the micrometer-sized materials, which have 
reached the limit to realize desired properties, nanostructured materials 
become great importance in the energy conversion and storage devices (Ji, Lin 
et al. 2011). The exploration of the nanoscale world leads to substantially new 
insights on both fundamental issues and novel technological perspectives. 
Nanostructured materials provides the combined effect of bulk and surface 
properties to the overall behaviors and offers the unusual mechanical, 
electrical and optical properties endowed by confining the dimensions of such 
materials (Arico, Bruce et al. 2005). A variety of nanometer size effects have 
been found in the materials used in electrochemical energy conversion and 
storage devices, including the ‘trivial size effect’, which solely rely on the 
increased surface-to-volume ratio and the ‘true size effect’, which also 





For use as electrodes in electrochemical applications, pore size 
distribution (PSD) of nanostructured materials with high specific surface area 
should be optimized to facilitate fast ion transport of charge carriers. As 
known, it has been demonstrated that ionic transport properties are drastically 
tuned at the interfaces of nanostructured materials, which leads to the 
significant particle size effect across the bulk material (Maier 1995; Maier 
2004). Nano/micro- hierarchical structure combines both the benefits of 
nanometer-size building blocks for efficient diffusion and micrometer-sized 
assemblies for good stability to guarantee the electrochemical performance 
(Guo, Hu et al. 2008). Another example for pore-dependent capacitance 
properties of electrode materials in supercapacitor revealed that micropores 
are effective in charge storage while interconnected mesopores and 
macropores are vital for rapid electrolyte transportation (Estevez, Dua et al. 
2013). Hence, a well controlled hierarchical porous structure would be favored 
for high-performance electrochemical energy devices. 
 
1.3 Nanostructured electro- and photo-active intercalants for 
graphene oxide (GO) based composites 
GO is synthesized from the reaction between graphite powder and 
strong oxidants, leading to the exfoliated graphene nanosheets with carboxylic 
acid groups on the edge and phenol hydroxyl or epoxide groups on the basal 
plane. Although the limitation exists on the electrical conductivity, GO is 
easily recovered by chemical and solvothermal reduction to yield graphene. 
Due to the unique electronic and mechanical properties (Stankovich, Dikin et 





attracted considerable attention as a support material for polymer composites 
or titanium dioxide (TiO2) hybrid composites in electrochemical energy 
conversion devices.  
Structure-controlled synthesis of photoactive TiO2 with exposed high 
energy and reactive facet is of great importance for both fundamental studies 
and technological applications in energy storage, catalysis and other fields 
(Chen, Tan et al. 2010). For example, Wu and coworkers developed a novel 
and facile approach for the direct growth of F-doped flower-like TiO2 
nanostructures on the surface of Ti in HF solutions under low-temperature 
hydrothermal conditions, which possess good crystallinity and exhibit high 
photoelectrochemical activity for water-splitting and photodegradation of 
organic wastewaters compared with P-25 (Wu, Wang et al. 2008). 
As an unconventional type of soft material with a 2D membrane-like 
single polymer molecule, GO and its reduced form substantially act as a 
colloid nanoparticle (Hunter 1989; Cote, Kim et al. 2009) and could be 
functionalized to improve their dispersibility (Qi, Pu et al. 2010; Qi, Pu et al. 
2010). Architecture of nanostructured GO-supported electro- and photo-active 
composites could be tuned with multiple methods generated from the concepts 
of Langmuir-Blodgett assembly and surfactant-directing assembly, which both 
rely on the surface properties of the support materials (Vickery, Patil et al. 
2009; Wang, Kou et al. 2010). For example, it has been reported by Saner that 
PPy-coated GO nanosheets produced by layer-by-layer (LBL) assembly could 
act as catalyst materials for fuel cells (Saner, Gursel et al. 2013). Also, Zhang 
and co-workers demonstrated an approach to synthesize layered GO structures 





electrostatic interactions between negatively charged GO sheets and positively 
charged surfactant micelles (Zhang, Zhao et al. 2010). Additionally, based on 
the alternate deposition of negatively charged GO and positively charged TiO2, 
Liu succeeded to prepare highly tunable thin films with oriented 
interpenetrating network structures for high-performance supercapacitor by 
LBL self-assembly technique (Liu, Yan et al. 2013).  
 
1.4 Objectives of thesis work 
This thesis work is aimed to study the confinement mechanisms and 
nanostructure design of electro- and photo-active intercalants between GO 
support for potential fabrications of electrode composite materials by LBL 
assembly and surfactant-directed template methods.  
In Langmuir-Blodgett assembly, to find out the optimized conditions in 
preparation of GO-based electro-active polymer composite, derived 
mathematical expressions of intermolecular interaction were expected to be 
efficient for time and cost savings. Meanwhile the understanding of surfactant 
assembly and surface modification could provide the opportunity to develop 
new nanostructures of templated electro- and photo-active intercalants and 
tune the surface charge property of GO to accommodate multiple charged 
intercalants by LBL assembly. Based on the studied confinement and 
nanostructure of intercalants, the effect of intercalated polymer chain density 
on the adsorption of ions is of our interest in electrochemical process. Besides, 
to develop environment-friendly photoactive intercalants for GO support in 





TiO2 intercalants with excellent photoelectrochemical activities by a green 
synthesis approach.  
 
1.5 Structure of this thesis 
Beginning with a brief introduction to discuss the background of this 
thesis project in Chapter 1. Chapter 2 presents a comprehensive literature 
review on selected materials (Paper 5), the electrical double layer and DLVO 
theory for colloidal particle interaction. Presented in Chapter 3 are the 
chemicals, reagents and experimental methods used in this thesis work. 
Chapter 4 discusses intermolecular potential energy for GO nanosheet as 
support materials and its interaction force with PPy in Langmuir-Blodgett 
assembly (Paper 2 and 3). Chapter 5 presents the research results of surfactant 
assembly and surface charge modification on GO support materials (Paper 1), 
as well as a molecular simulation study on the effect of in-wall charged 
polymer on the confined adsorbate phase. Discussion in Chapter 6 introduces a 
green solvothermal synthesis approach for the preparation of superstructured 
N-doped TiO2 hollow microspheres comprised of nanothorns with excellent 
photoelectrochemical activities (Paper 4). Outlined in Chapter 7 are the main 
conclusions drawn from the thesis work. Chapter 8 demonstrated 








2.1 Graphene, graphene oxide (GO) and associated electroactive 
polymer composites1 
Since Geim and co-workers experimentally demonstrated the 
preparation of a single layer of graphite with atomic thickness, it has been 
gaining increasingly growing interest in a wide range of fields. With inherent 
properties, such as tunable band gap, extraordinary electronic transport 
properties, excellent thermal conductivity, great mechanical strength, and 
large surface area, graphene has been explored for applications ranging from 
electronic devices to electrode materials (Wang, Zhi et al. 2008; Yumura, 
Kimura et al. 2009). 
Many methods have been reported to synthesize graphene sheets over 
the past few years, including mechanical cleavage of graphite,(Novoselov, 
Geim et al. 2004) unzipping carbon nanotubes (Kosynkin, Higginbotham et al. 
2009),  chemical exfoliation of graphite, solvothermal synthesis (Choucair, 
Thordarson et al. 2009), epitaxial growth on SiC surface and metal surface, 
chemical vapor deposition, bottom-up organic synthesis (Yang, Dou et al. 
2008), etc. Taghioskoui (Taghioskoui 2009) recently summarized various 
graphene preparation methods. One of the great challenges is the stabilization 
of single graphene sheets with controllable size and morphology. 
Fundamentals of chemistry and physics are especially important and 
                                                            






preparation methods with or without polymeric and surfactant dispersants 
have been developed to prepare exfoliated graphene (Li, Muller et al. 2008; 
Coleman 2009; Lotya, Hernandez et al. 2009). Herein, we mainly focus on 
two methods, namely mechanical exfoliation that produces few layer graphene 
of high quality and chemical method that has been demonstrated to give high 
throughput. 
Mechanically, exfoliated single-layer graphene was firstly developed 
by Geim and co-workers (Novoselov, Geim et al. 2004) using a technique 
called micromechanical cleavage. Typically, a celluphene tape is used to peel 
off graphene layers from a graphite flake, followed by pressing the tape 
against a substrate. Upon removing the tape, a single sheet graphene is 
obtained. Ritter and Lyding (Ritter and Lyding 2008) utilized the mechanical 
exfoliation method to deposit graphene monolayers and bilayers with 
minimum lateral dimensions of 2~10 nm onto H-passivated Si{100} surface. 
These earlier works provided opportunities to experimentally investigate the 
electronic structure of nanosized graphene and formed the foundation to 
develop graphene-based nanoelectronics. However, the low throughput of the 
mechanical exfoliation method largely limits its applications for mass 
production. Thereafter, alternative approaches affording a high yield are 
highly desirable. 
On the other hand, the chemical method that is considered a scalable 
approach to synthesize graphene has been used widely to synthesize 
chemically derived graphene. As is schematically illustrated in Fig. 2.1, 
graphite is first oxidized to graphene oxide (GO) using either the Hummers 





(Kovtyukhova, Ollivier et al. 1999). Chemically derived graphene can then be 
obtained after the reduction of the GO using hydrazine solution or other 
reducing agents. GO is an excellent precursor to synthesize graphene 
nanosheets (Li, Muller et al. 2008). The larger interlayer distance makes it 
readily dispersed in solution with a relatively high stability. Ruoff’s group 
(Stankovich, Dikin et al. 2006) demonstrated a solution-based process for the 
production of chemically derived single-layer graphene with an excellent 
stability. A two-step method was recently reported for nearly complete 
reduction of surface functionalities of GO by deoxygenation with NaBH4 and 
dehydration with concentrated sulfuric acid (Gao, Alemany et al. 2009). 
However, the harsh oxidation and reduction reactions may deteriorate 
graphene structure and decrease the performance of graphene-based devices.  
 
Figure 2.1 Illustration of the chemical route to the synthesis of chemically derived 
graphene.(Tung, Allen et al. 2009) 
 
Ang et al. (Ang, Wang et al. 2009) proposed a straightforward one-step 
intercalation and exfoliation method to produce large-sized, conductive 
graphene sheets without the use of surfactants. The method is based on the 
rich intercalation chemistry of GO aggregates. The large-sized GO aggregates 
consist of multilayer graphene flakes, which are highly oxidized on the outer 
layer. The inner layer, on the other hand, consists of mildly oxidized graphene 





via electrostatic attraction and cation-π interaction followed by exfoliation in 
DMF yields large-sized conductive graphene sheets with a high yield (> 90%). 
Thin film is a useful morphology in many technological applications, 
particularly as electrodes in supercapacitors and batteries, fuel cells, and other 
electronic devices. A flow-directed assembly method was recently described 
to produce GO paper-like materials (Dikin, Stankovich et al. 2007). The 
chemical functional groups on the surface of the GO provide opportunities for 
tailoring the physical and chemical properties of the material. The preparation 
of macroscopic free-standing GO membranes with controlled thickness and 
area at a liquid/air interface was demonstrated (Chen, Yang et al. 2009). Very 
recently, Yang and co-workers (Yang, Dou et al. 2008) reported a chemical 
growth method for the synthesis of 2D graphene nanoribbons with lengths of 
up to 12 nm and the synthesis scheme is shown in Figure 2.2. 
Graphene is considered as an excellent electrode material for 
supercapactors because of its high electrical conductivity, high surface area, 
great flexibility, excellent mechanical properties, and rich chemistry. 
Graphene films have been used as stretchable electrodes (Kim, Zhao et al. 
2009). Chemically modified graphene (CMG) sheets can physically adjust 
themselves to be accessible to different types of electrolyte ions, free from the 
use of conductive fillers and binders. Besides, its flexibility facilitates an easy 
fabrication of supercapacitor devices. Research on the fundamental chemistry 
of CMG materials has been carried out by research groups of Ruoff from UT-








Figure 2.2 Synthesis of linear two-dimensional graphene nanoribbons.(Yang, Dou et al. 2008) 
 
Studies have shown that the specific capacitances of graphene can 
reach 135 F g-1, 99 F g-1 and 75 F g-1 in aqueous, organic, and ionic liquid 
electrolytes, respectively (Stoller, Park et al. 2008; Vivekchand, Rout et al. 
2008). Despite the intense interest and continuous report on experimental 
observations, practical applications of graphene have not yet to be realized. 
This is mainly due to the difficulty in the reliable production of high-quality 
graphene from a scalable approach (Rao, Sood et al. 2009). While mechanical 
exfoliation produces graphene with the highest quality, the method is neither 
high throughput nor high yield. Zhao at al. (Zhao, Tian et al. 2009) employed 
the chemical vapor deposition method to synthesize carbon nanosheets 
composed of graphene layers on conventional carbon fibers and carbon papers. 
It was found that such carbon nanosheets possess a capacitance value of 0.076 
F cm-2 (based on the geometric testing area) in a H2SO4 solution. Hence, a 
total capacitance was estimated to be 1.49×104 F based on a virtual 





The experimentally observed capacitances are mainly limited by the 
agglomeration of graphene sheets and do not reflect the intrinsic capacitance 
of an individual graphene sheet. Very recently, an experimental determination 
of EDL capacitance (~21 μF cm-2) and quantum capacitance of single layer 
and double-layer graphene were reported (Xia, Chen et al. 2009). In order to 
harness the unique properties of graphene, graphene- and GO-based composite 
materials have been explored (Stankovich, Dikin et al. 2006; Cote, Cruz-Silva 
et al. 2009). Ruoff and coworkers (Stankovich, Dikin et al. 2006) reported a 
general approach to prepare graphene-polymer composites via the exfoliation 
of graphite and molecular-level dispersion of CMG sheets within polymers. A 
polystyrene-graphene composite was found to exhibit a percolation threshold 
of around 0.1 vol. % for room temperature conductivity, the lowest reported 
value for any carbon-based composite and almost the same as SWNT-polymer 
composite. At only 1 vol. %, the composite displayed a conductivity of 0.1 S 
m-1, which is sufficient for many applications.  
Graphene-conducting-polymer composites have received the greatest 
interest (Murugan, Muraliganth et al. 2009; Wang, Li et al. 2009; Zhang, Li et 
al. 2009; Yan, Wei et al. 2010). Wang and co-workers (Wang, Li et al. 2009) 
prepared a graphene/polyaniline composite paper (GPCP) by in-situ anodic 
electropolymerization of aniline monomer as a PANI film on graphene paper. 
The obtained composite paper combines flexibility, conductivity and 
electrochemical activity and exhibited a gravimetric capacitance of 233 F g-1 
and a volumetric capacitance of 135 F cm-3. Graphene nanosheet/polyaniline 
(GNS/PANI) composite was also synthesized using the polymerization 





homogeneously coated on the surface of PANI nanoparticles. A specific 
capacitance of 1046 F g-1 was observed at a low scan rate. The energy density 
of the composite could reach 39 Wh kg-1 at a power density of 70 kW kg-1. 
 
Figure 2.3 A scheme illustrating the synthesis of GNS/PANI composite materials.(Yan, Wei et 
al. 2010) 
 
Although graphene nanosheets are excellent electrode materials, the 
use of highly toxic reducing agent, such as hydrazine and dimethylhydrazine, 
remains a serious issue for large-scale production. Murugan and co-workers 
(Murugan, Muraliganth et al. 2009) demonstrated a microwave-assisted 
solvothermal process to produce graphene nanosheets without the need for 
highly toxic chemicals. The authors investigated the energy storage properties 
of thus-prepared graphene nanosheets and associated PANI composites. The 
graphene/PANI composite with 50 wt% graphene displayed both EDL 
capacitance and pseudocapacitance with an overall specific capacitance of 408 
F g-1. 
Very recently, a series of CMG and PANI nanofiber composites are 
prepared by using an in-situ polymerization method (Simon and Gogotsi 2008). 
PANI fibers were observed to adsorb on the graphene surface and/or filled 
between the graphene sheets. The composite displayed a specific capacitance 





good capacitive performance can be obtained by doping either graphene with a 
small amount of PANI or bulky PANI with a small amount of graphene. 
Graphene-based materials with various microtextures have proven to 
be promising electrode materials for supercapacitor applications. Despite the 
rapidly growing number of publications on the synthesis of graphene and GO, 
a cost-effective and environmentally benign method for the production of high 
quality, free-standing graphene still remains a great challenge. Control over 
both the quality and quantity of the final product in synthesizing graphene 
requires complete understanding of the physics and chemistry of graphene 
under different processing conditions. A number of critical issues, such as the 
complete exfoliation of graphite, stabilization of single or few-layer graphene 
sheets in various solvents, and retaining the intrinsic properties of 2D 
graphene must be addressed before the chemical exfoliation method can be 
commercially used to produce graphene.   
With the theoretical demonstration of pillared graphene for hydrogen 
storage (Dimitrakakis, Tylianakis et al. 2008) and experimental results on 
porous graphene for gas separation (Jiang, Cooper et al. 2009), research 
breakthroughs are likely to be made in the near future with regard to 
nanoporous graphene for applications beyond gas storage and separation. With 
the well-established materials processing and growth techniques, such as the 
Langmuir-Blodgett method for producing thin films, the layer-by-layer 
technique for fabricating core-shell nanostructures, and self-assembly under 
controlled colloidal chemistry, graphene-based architectures with designed 
physical, chemical and morphological properties as electrode materials for 





research trends. Graphene-based composite materials with the intrinsic 
properties of graphene and pseudocapacitive materials, such as graphene-
conducting-polymer composites and graphene-transition-metal-oxide 
composites, are promising supercapacitor electrodes. Future research efforts 
shall be placed on enhancing the interactions between graphene and the 
pseudocapacitive material to improve the Faradic processes across the 
interface so as to achieve efficient pseudo-capacitance in addition to the EDL 
capacitance. Using conducting polymers and transition metal oxides to pillar 
graphene sheets is perhaps a good research direction towards utilizing the 
unique properties of graphene for supercapacitor applications. In any case, 
colloidal science will play a vital role in realizing such envisioned structures 
and applications. 
 
2.2 Photoactive titannium dioxide (TiO2) 
TiO2 is of great interest as photochemical and optoelectronic materials 
due to its unique physicochemical properties, including chemical inertness, 
photostability and biocompatibility (Fujishima, Zhang et al. 2008). As there is 
a direct relationship between the properties and the nanostructure, an 
appropriate crystal structure of TiO2 with large specific surface area and easily 
accessible cavities has been intensively developed for a variety of 
optoelectronic applications (Pan, Dou et al. 2010). 
According to the IUPAC standard, porous solids could be classified 
into three levels based on their pore size, namely microporous (smaller than 2 
nm), mesoporous (2 ~ 50 nm) and macroporous (larger than 50 nm). Extensive 





functional properties. Early studies on rational design of mesoporous SiO2-
based materials have been progressing fast due to the full understanding of 
sol-gel chemistry and surfactant self-assembly techniques. However, it is very 
challenging to develop a facile method for the synthesis of mesoporous metal 
oxides due to the chemical diversity of metal oxides, availability of precursor 
candidates and structural collapse of resultant mesoporous framework during 
the formation of crystallized phase and grain growth upon calcination 
(Crepaldi, Soler-Illia et al. 2003; Pan, Zhao et al. 2011).  
In the last decade, significant progress has been achieved in the 
synthesis, characterization and applications of well-organized TiO2 films. 
Grosso and some other research groups successfully synthesized the 
mesoporous TiO2 film in anatase phase (Grosso, Soler-Illia et al. 2001). Later, 
it is reported that controlled synthesis of cubic mesoporous TiO2 film was 
realized (Crepaldi, Soler-Illia et al. 2003). A post-treatment step by aging the 
as-deposited films under humid atmosphere is typically carried out to allow 
the reproducible synthesis of high-quality mesoporous nanocrystalline TiO2 
films with long range ordering. Enhanced material performance due to highly 
organized mesoporous structures have been demonstrated in many 
applications, such as photovoltaics, luminecent devices, sensors, 
photocatalysis and so on. 
As a commercial polycrystalline TiO2 product containing 
approximately 80 wt% anatase and 20 wt% rutile, Degussa P25 has been 
treated as the research reference with an average particle size of 25 nm and 
specific surface area of 50 m2/g for developing new nanostructure TiO2 





nanosized semiconductor particles with quantum size effect show superior 
photocatalytic proterties (Hoffmann, Martin et al. 1995; Zhang, Chen et al. 
2009). The problem of nanoparticle aggregation may be addressed by either 
creating porous structures of nanoparticles or dispersing the nanoparticles on a 
highly porous solid. Methodologies for the rational design of porous 
photocatalyst include template method, oriented self-assembly, chemical 
etching and topotactic transition (Pan, Dou et al. 2010). Photocatalytic activity 
could be further improved by the deposition of noble metal, such as platium 
and gold (Wang, Yu et al. 2005; Bannat, Wessels et al. 2009; Bian, Zhu et al. 
2009) or surface functional modification (Wang, Yu et al. 2005) on 
mesoporous TiO2-based support material. Furthermore, synthesis and 
development of visible-light-active mesoporous N-doped TiO2 materials by 
the direct chemical methods is of great interest to efficiently utilize the 
abundant solar energy or increase photocatalytic activity with enhancement of 
photoresponsive range (Soni, Henderson et al. 2008; Pan, Han et al. 2011). 
 
Figure 2.4 Schematic drawings of anatase shapes: (a) equilibrium crystal shape with large 
percentage of {101} facets; (b) truncated octahedral shape with large percentage of {001} 
facets; (c) tetragonal faceted-nanorod with four well lateral {100} facets. (Li and Xu 2010) 
 
Anatase TiO2 with a tetragonal crystal structure is one of the most 





{101} facets reported as 1.09, 0.90, 0.53 and 0.44 J m-2 respectively (Liu, Piao 
et al. 2010), resulting in the large percentage of anatase nanocrystals in a 
truncated bipyramidal shape with energetically stable {101} facets. It was 
observed that the more reactive {001} facets quickly diminished after their 
formation in the earliest stage (Zhang, Li et al. 2009). Additionally, other 
different facets of anatase TiO2 nanocrystal, including exposed {110} facets 
and {100} facets, exhibit distinctive physical and chemical properties by the 
synthesis of tetragonal faceted-nanorods of anatase TiO2 nanocrystals with a 
large percentage of active {100} facets (Li and Xu 2010) and anatase TiO2 
nanocrystals with the co-existing of exposed {001} and {110} facets (Liu, 
Piao et al. 2010). Hence, shape-controlled synthesis of TiO2 nanoparticles with 
exposed high energy and reactive facets is of great importance for both 
fundamental studies and practical applications (Chen, Tan et al. 2010). 
 
2.3 Electrical double layer and DLVO theory 
Electrical double layer is formed on the charged surface of a particle 
and leads to the balancing charge in the liquid phase. A realistic model of 
electrical double layer is proposed by combining Helmholtz with Gouy-







Figure 2.5 Gouy-Chapman-Stern model 
    
There are two planes in the stern layer, including IHP (Inner Helmholtz 
plane) and OHP (Outer Helmholtz plane). A plane called shear plane is a little 
away from the OHP and the potential at the plane is called zeta potential, 
which could be experimentally characterized. It is noted that Stern layer is 
immobilized and composed of specifically adsorbed ions, bound water layer 
and nonspecifically adsorbed counterions surrounded by solvent molecules. 
Hence, the stern layer is considered as one part of the colloidal surface while 
free moving. Gouy-Chapman-Stern model is universally used to quantitatively 
configure the electrokinetic relationship. 
In the established model, potential distribution around a charged 
colloidal particle is governed by Poisson-Boltzmann equation: 









ɛ0 is permittivity of vacuum, ɛr is the relative permittivity (or dielectric 
constant) and ρ is the net charge. Mathematically according to Poisson-
Boltzmann equation, if the charge distribution in aqueous solution is 
elaborated, the potential distribution can be calculated numerically.  
It reduces the Poisson-Boltzmann equation to a unified form (Zhou and 
Zhang 2011) for the symmetric colloidal particles in equation (2.2): 












                                  (2.2) 
Where m = 0, 1, 2 respectively correspond to planar, cylindrical and spherical 
colloidal particles. 
Based on the theory of Boltzmann statistics, the local ion density of 
type i is given by: 
                                               )/exp(0 Tkeznn Biii                                 (2.3) 
Where 0in  is the number of type i ions per unit volume in the bulk aqueous 
solution. zi is the valence of type i ion. As we know, e = 1.602×10-19 C. So a 
general differential equation for Poisson-Boltzmann equation could be 
simplified as: 






2               (2.4) 
The Poisson-Boltzmann equation can be derived from statistical mechanics 
with the assumptions of overlooking finite size effect and ion–ion correlation. 
Both the assumptions work as long as the ion concentration is not extremely 
high and the size of the ion is significantly smaller than the size of geometry 
confining the solution. Theoretically, electrical potential distribution of a 





properties of the corresponding dispersions. Evaluation of the electrostatic 
force between two colloidal particles is closely related to the stability of the 
colloidal dispersions. In some cases, completely solving the Poisson-
Boltzmann equation is not necessary. It is enough to calculate the free energy, 
entropy and adsorption properties of an electrical double layer with only an 
analytic expression for the surface charge density and surface potential 
relationship. Despite there are intensive derivations for a long time, no general 
analytical solution for the Poisson-Boltzmann equation is known so far. The 
only exactly solvable case of this equation is for a single, infinite planar 
surface of constant potential immersed in a dispersion containing symmetric 
electrolytes. Other than that, the Poisson-Boltzmann equation needs to be 
solved numerically, semi-analytically or approximately (Zhou and Zhang 
2011). For the single, infinite planar surface, the potential is assumed to be 
constant in either y or z direction, and only varies along x direction. Hence, the 
governing equation could be reduced as follow: 











         (2.5) 
While the condition of small potential could be satisfied with │zieѱ(x)│< kBT, 
equally ѱ(x) up to 25.7 mV at 25℃, the exponential of right-hand potential-
related term could be expanded with Debye-Huckel approximation:  
                                   TkxezTkxez BiBi /)(1)/)(exp(                      (2.6) 
With those prerequisites, the first two terms of expanded exponential were 
substituted into the Poisson-Boltzmann equation yields: 
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Thus, Poisson-Boltzmann equation is reduced and becomes:  













                      (2.9) 
Where κ is Debye-Huckel parameter, and its reciprocal value is debye length 
or double layer thickness.  
For a given electrolyte, Debye-Huckel parameter depends upon only 
temperature and the bulk electrolyte concentration. Obviously, if surface 
potential and Debye-Huckel parameter are available from the experimental 
results and calculation, the potential distribution at the interface of solid planar 
nanoparticle could be explicitly described. The potential decreases 
exponentially and the decay length is λ=1/κ. Meanwhile, surface charge 
density in the diffuse layer could be further calculated from the potential 
distribution. The electrostatic potential between planar nanoparticles were 
elucidated, which could be obtained by calculation of the work done while 
moving the parallel planar nanosheet closer to a distance x from an infinite 
distance. 
Poisson–Boltzmann equation for a spherical colloidal particle in an 
electrolyte solution has not been analytically solved yet. However, numerical 
solutions to the Poisson–Boltzmann equation in this case were tabulated (Loeb 
1961). Accurate analytic expressions were derived by Ohshima for the surface 
charge density/surface potential relationship and double-layer potential 
distribution for a spherical colloidal particle (Ohshima, Healy et al. 1982). For 
the case of salt-free medium, Imai and Oosawa provided a theory to solve 





particles and Ohshima extended the theory to derive the accurate analytic 
expressions for the surface charge density/surface potential relationship for a 
spherical particle in a salt-free medium for the dilute case (Ohshima 2002). 
Interaction electrostatic potential energy in sphere-sphere was expressed from 
Ohshima’s derivation in Appendix B (Ohshima, Healy et al. 1982). In the case 
of spherical colloidal nanoparticle, Poisson-Boltzmann equation could be 
reasonably reduced to: 





            (2.10) 
When it is to be assumed that the surface potential is sufficiently small to 
linearize the Poisson-Boltzmann equation, there appears the classical Debye-
Huckel solution. Particle radius a is indicated in Figure 2.6 (Ohshima 2002). 
 
 
Figure 2.6 A spherical particle of radius a in a free volume of radius R containing counterions 
only (Ohshima 2002) 
 
Expanding the Poisson-Boltzmann equation in symmetric 1-1 type 
electrolyte:  
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So the equation (2.11) reduces to: 
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According to Ohshima’s derivation (Ohshima, Healy et al. 1982):  
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Then the potential distribution is expressed as: 



















1ln2)(                 (2.15) 
Derjaguin & Landau and Verwey & Overbeek quantitatively describe 
colloidal stability by combining electrostatic interaction with the van der 
Waals attraction in DLVO theory. The net potential resulted from the 
combination could be predicted to approach a value of negative infinity upon 





forces including Keesom (permanent-permanent dipole), Debye (permanent-
induced dipole), and London forces (induced-induced dipole) in microscopic 
scale. For macroscopic level, Hamakar constant (A) is demonstrated. Other 
attractive forces like hydration, structural, and hydrophobic forces may also 
exist. Also, Brownian motion and gravitational force also have contribution to 
the colloidal system. However, those forces are not considered here for their 
relatively weak impact and complexity. Van der Waals interaction is 
expressed for sphere-sphere and planar-planar. For weak overlapping 
counterion clouds, the double-layer potential energy between a non-identical 
















R           (2.16) 
 
2.4 Langmuir-Blodgett assembly for GO-supported composites 
Due to the wide practical applications of thin-film energy materials, a 
variety of film fabrication techniques are developed, such as spray coating, 
drop casting, blade coating and filtration. However, it has barriers in the 
controll of film morphology obtained or transfer techniques necessary to make 
films (Zhu and Tour 2010). Graphene oxide (GO) is recently developed as 
functional support materials with large specific surface area, good optical 
transmittance as well as plentiful chemistry properties (Dreyer, Park et al. 
2010; Zhu, Murali et al. 2010). Herein, the implementation of GO offers the 
possibility of excellent electronic, optical, magnetic, mechanical and thermal 
properties that may be difficult to achieve by using organic polymers or other 





into other continuous materials due to the irregular shape and large-size of GO 
nanosheet. Also, the thickness of the GO-intercalated nanocomposite is out of 
control because of the randomly stacking of GO nanosheet. As a bottom-up 
cost-saving and facile method based on alternative deposition of the oppositely 
charged colloidal components, layer-by-layer assembly is a powerful tool to 
prepare ultrathin films of functional nanostructure composite with a variety of 
properties and applications. LBL assembly has successfully been extended to 
several different kinds of driving forces, including electrostatic forces, 
hydrogen bonding, covalent bonding and other weak intermolecular 
interactions (Zhao, Zhang et al. 2010). LBL assembly provides a fabrication 
route for growing uniform films with high planar orientation and good 
dispersion of other nanofiller materials into GO nanosheet as support materials. 
Kulkarni and coworkers demonstrated that functionalized GO layers 
incorporated into polyelectrolyte multilayered nanocomposites can be released 
as robust and freely standing membranes with large lateral dimensions 
(centimeters). Distinguished enhancement of elastic modulus up to 20 Gpa is 
observed with the small amount of GO intercalation by micromechanical 
measurements. It is impressively reported that free-standing GO reinforced 
nanomembranes have outstanding toughness. It is of much significance for 
nanomembranes in consideration of the desired better toughness along with a 
moderate increase in strength and elasticity for most applications. Also, the 
electronic and thermal properties of GO sheets can be further improved by 
chemical reduction, electrochemical reduction (Ramesha and Sampath 2009) 
or thermal annealing for promising applications without regarding to the 





clay-based nanocomposite, the GO polyelectrolyte nanomembrane performs 
much better mechanical properties along with excellent electrical, thermal and 
optical properties. Also, it could serve as an alternative to stiff silicon in 
capacitive pressure sensors used in MEMS devices and heat sink in electronic 
materials (Kulkarni, Choi et al. 2010). Due to the high demand of quality-
guaranteed GO-intercalated thin film, Kovtyukhova and coworkers reported a 
detail study of the preparation and characterization of GO/polycation films to 
address the relationship between fabrication conditions and electronic 
properties of GO/polycation films (Kovtyukhova, Ollivier et al. 1999). High 
density rechargeable lithium-ion batteries construction of a high-capacity 
intercalating cathode by layer-by-layer assembly of nanometer-thick 
polyelectrolytes and GO nanosheet onto a conducting substrate (Cassagneau 
and Fendler 1998). Fundamental research is also conducted to determine the 
thickness of each deposited layer by layer-by-layer assembly technique for 
GO-based polymer nanocomposites with the combination of three methods: 
adsorption spectroscopy, surface plasmon spectroscopy and quartz crystal 
microbalance (Cassagneau, Guerin et al. 2000). Other applications extend to 
chromatography and immunoassay (Liu, Feng et al. 2012). For example, GO 
phase is promising for chromatographic separation due to the strong 
interaction between GO in the stationary phase and the solutes. However, it is 
not convenient to directly use GO as a packing stationary phase or an 
adsorbent due to the difficulty in packing nanometer thickness of GO onto the 
column. Hence, a stable GO nanosheets coating could be formed by layer-by-
layer assembly of cationic polyelectrolyte and anionic GO in the inner surface 





number of layers (Qu, Gu et al. 2013). Surface modification of GO nanosheets 
with polymers (Shen, Hu et al. 2009; Liu, Tao et al. 2010) or surfactants (Tang, 
Li et al. 2010), which will be introduced in the following section, could 
facilitate the extensive applications of LBL assembly technique for the 
preparation of functional nanocomposites.  
 
2.5 Surfactant assembly 
2.5.1 Categories of surfactants 
Surfactant is a derivative term from surface active agent. As an 
amphiphilic molecule, surfactant preferentially adsorbs at the interface. The 
molecular structure of surfactant consists of a hydrophilic head and a 
hydrophobic tail. In consideration of charge properties of head groups, 
surfactants are classified as anionic surfactants, cationic surfactants, nonionic 
surfactants, amphoteric (or zwitterionic) surfactants. 
Anionic surfactants contains a negative charge on the head groups and 
are the most commonly used surfactants with covering over 60% of surfactant 
applications in the industry. It is dissociated in water into an amphiphilic anion 
and a cation. Conversely, cationic surfactants bear positive charge on the head 
groups and take 10% of surfactant applications in the industry. This type of 
surfactants is mainly used in two cases, acting as anti-bacterial agent or 
positively charged substance adsorbing on negatively charged substrates to 
produce antistaic and hydrophobic effects for corrosion inhibition. Especially 
for the second case, how the surfactant plays the functions would depend on 





Nonionic surfactants bear no apparent ionic charge in the surface-
active portion. Due to the non-dissociable type of hydrophilic group, there is 
no ionization in aqueous solution, such as alcohol, phenol, ester and so on. 
Lipophilic group of the nonionic surfactants is often of the alkyl or 
alkylbenzene type. Zwitterionic surfactants are a special type with both 
positive and negative charges on the head groups. Hydrophlic-lipophilic 
balance shorted as HLB ranging from 1 to 40 reflects the partitioning behavior 
between a polar and non-polar medium. 
 
2.5.2 Surfactant structures in solution and interface 
Most of surfactants are soluble in both water and oil. At the low 
concentrations, the surfactant forms a true solution with some molecules 
adsorbing at the air-water interface. As the concentration increases, a point is 
reached at which forms a monolayer at the air-water interface. The monolayer 
film of surfactant leads to reduction of surface tension and formation of 
Langmuir-Blodgett films. With the Gibbs adsorption isotherm, the number of 
surfactant molecules adsorbed at the interface can be quantitatively 
determined by measuring surface tension. As further increasing the 
concentration, it results in the formation of micelles in the aqueous solution, 
say micellization process, due to the shortage of space at the interface. Critical 
micellization concentration is defined as the concentration at which 
micellization begins. It is observed that the formation of micelles is 
spontaneous and micellization is always a dynamic process. The number of 
surfactants in a micelle varies significantly with solvents and only the aqueous 





disperse water-insoluble molecules into aqueous environment, micellization 
has important industrial and biological applications. Since the micelles 
structure varies as the molecular structure of surfactants, packing behavior of 
surfactants in aqueous solution can be determined by critical packing 
parameter (p), which is equal to the volume of the surfactant chain divided by 
the product of the length of the hydrocarbon chain and effective area of the 
head group. As p < 1/3, surfactants assemble as spherical micelles. In this case, 
the diameter of a spherical micelle is in the range of 10 ~ 100 nm, which is 
beneficial for synthesis of nanostructure composite materials. Relatively large 
rod-shaped micelles form in the case of 1/3 < p < 1/2. Surfactants stack as 
vesicles and bilayer when 1/2 < p < 1. As p further increases above 1, it leads 
to inverted micelles. With the targeted structure, surfactants selection could be 
made among the multiple surfactants. With regarding to this function, 
surfactant is also considered as the emulsifier in the emulsion polymerization 
for the preparation of monodisperse colloidal particles.  
 
2.5.3 Surfactant assembly on charged substrate 
Carswell and his group has reported their research by using adsorbed 
surfactants on flat surfaces as templates for the synthesis of morphologically 
controlled polyaniline and polypyrrole nanostructures from spheres to wires to 
flat films in Figure 2.7 (Carswell, O'Rear et al. 2003). Interactions between 
surfactant solutions and solid surfaces play a key role in technologically 
important processes, such as colloidal stabilization, ore flotation, and soil 
removal (Manne and Gaub 1995). Furthermore, surfactant behavior at the 





material for energy storage and conversion applications. Morphology of the 
surfactant aggregate in solution can be tuned by external factors. The addition 
of electrolyte to ionic surfactant solutions reduces electrostatic repulsive 
forces between their headgroups, whereas the incorporation of n-alcohols 
causes the hydrophobic component of the aggregate to swell (Kovacs and 
Warr 2002), and both effects cause a reduction in aggregate curvature and 
hence different morphologies. Phase transitions between morphologies have 
been observed by manipulating variables, such as electrolyte concentration 
(Lamont and Ducker 1998), hydrophobic length or counterions (Patrick, Warr 
et al. 1999; Velegol, Fleming et al. 2000), surface chemistry (Grant and 
Ducker 1997; Grant, Tiberg et al. 1998), or the addition of coadsorbing 
molecules (Ducker and Wanless 1996; Wanless, Davey et al. 1997; Kovacs 
and Warr 2002). 
 
Figure 2.7 Illustration of the process to fabricate morphologically controlled nanostructures of 
electrically conducting polymers on surfaces using surfactant templates (Carswell, O'Rear et 
al. 2003). 
 
Zhang and co-workers demonstrate a general approach to the 





conducting polymers of different morphologies in Figure 2.8 (Zhang, Zhao et 
al. 2010). Also, thin films of PPy have been successfully rendered on surfaces 
by a technique termed admicellar polymerization (Carswell, O'Rear et al. 
2003). Admicellar polymerization could be viewed as the surface analogue to 
emulsion polymerization as adsorbed bilayered surfactant aggregates are used 
as templates to form thin polymer films on various surfaces. Thin polymer 
films of PPy have been successfully fabricated on surfaces, such as alumina 
(Funkhouser, Arevalo et al. 1995; Cho, Glatzhofer et al. 2000; Yuan, O'Rear et 
al. 2001), mica (Yuan, O'Rear et al. 2001; Yuan, O'Rear et al. 2002), and 
HOPG (Yuan, O'Rear et al. 2002). However, morphology control of the 




Figure 2.8 Schematic illustration of the formation process of GOPPy composite (Zhang, et al. 
2010) 
 
Surfactants adsorbed at the solid-liquid interface often assemble into 





1994; Manne and Gaub 1995; Ducker and Grant 1996; Ducker and Wanless 
1996; Wanless and Ducker 1996). The understanding of surface-aggregate of 
adsorbed surfactants is based on the analogous aggregate structures formed in 
bulk solution. In the case of bulk environment, the formation of aggregate is 
determined by the combined effects of hydrophobic interaction, packing 
constraints, electrostatic interaction of headgroups and system entropy. While 
coming to the surfactant behavior at the interface, it should consider 
electrostatic interaction between surfactant headgroup and charged surface of 
solid, as well as the hydrogen bond interaction between the solvent and the 
solid substrate. Ionic surfactant is an effective tool to modify the surface 
charge properties of solid substrate. Due to the comprehensive interaction and 
Gibbs energy change, surfactants tend to assemble at the interface. Past work 
has been done with tuning the electrostatic interaction by ionic strength 
(Wanless and Ducker 1996) and hydrophobicity of solid substrate (Ducker and 
Grant 1996). It is observed that there are three regular curvature shapes, 
including sphere, cylinder and double flat sheet, with their corresponding 
hemi-structures. In practical occasions, significant distortion from regular 
curvature is often resulted from anisotropic surface and surface inter-aggregate 
force. 
At an extremely low concentration of surfactants, there is no micelle-
like structure formed at the solid-liquid interface. Surface aggregation on the 
solid substrate is realized due to the comprehensive electrostatic and 
hydrophobic interaction while increasing the surfactant concentration up to a 
certain level below cmc, which is defined as surface aggregation concentration 





to form quasi 2D analogues of the structures in the bulk solution at hydrophilic 
solid substrate, including spherical, cylindrical and bilayer structures, whereas 
it tends to form monolayer and hemi-micellar structures at the hydrophobic 
solid substrate. The better understanding of adsorbed surfactant layer 
morphology gives new approaches for the fabrication of nano-structured 
functional materials. Charged headgroup in ionic surfactant delivers 
electrostatic force to drive adsorption on oppositely charge solid surfaces. 
Counterions and charged species increase the complexity of surfactant 
behavior at the solid-liquid interface due to their interactions with charged 
surfactants and solid surface charged groups (Tiberg, Brinck et al. 1999). A 
diversified morphology of surfactant assembly structures opens the new 
opportunities to synthesize novel nanostructure composite materials. It is 
established that a two-step profile reflects the adsorption isotherms of ionic 
surfactants at the oppositely charged hydrophilic surface with the first step 
corresponding to the adsorption of individual molecules or oligomers and 
second step corresponding to the co-operative formation of larger curvature 
layer aggregate structures (Goloub and Koopal 1997). It is indicated that a 
remarkable increase in the adsorbed layer thickness occurs as structured 
aggregates start to form at the interface while increasing the concentration. 
The surface charge of the substrate also plays a significant role in determining 
the structure of the adsorbed surfactant layer. The surfactant 
tetradecyltrimethyl ammonium bromide (TTAB) forms spherical micelles at 
the silica, whereas the structure on mica for the same surfactants is cylinder. 
The lower curvature of the aggregates allows for a higher density of surfactant 





(Manne and Gaub 1995). It is also reported that time-dependent evolution of 
ionic surfactant adsorption occurs on oppositely charged surfaces. The 
octadecyltrimethyl ammonium surfactant seems to form small discrete bilayer 
patches that grow with time to finally form a featureless bilayer (Li, Fujii et al. 
1998). 
On the hydrophobic solid surface of graphite, a few studies 
demonstrate that the hemicylinder appears to be the dominant structure of 
surfactant assembly (Manne, Cleveland et al. 1994; Kiraly and Findenegg 
1998). It is observed that a high affinity region followed by a co-operative 
adsorption step closer to cmc constitutes adsorption isotherm of ionic 
surfactants on crystalline graphite. At low concentrations, surfactants lie flat 
on the surface and form a monolayer with molecules lying parallel to the 
surface plane (Kiraly and Findenegg 1998). At slightly higher concentrations, 
morphology transition occurs with the appearance of hemicylinder. All 
available results on the adsorption of ionic surfactants indicates the 
construction of hemicylindrical aggregates at hydrophobic substrates and the 
only reported exception is for the sodium dodecyl sulfate (SDS) -dodecanol 
system imaged at graphite below cmc with a featureless monolayer formed. It 
was reported that dodecanol causes a change in the morphology of SDS 
aggregates adsorbed to graphite while there are no micelles in the bulk 
solution. Due to the lack of electrostatic repulsion between dodecanol 
headgroups, it will lower the aggregate curvature of charged SDS surface 
aggregates, resulting in swollen hemicylinders and flat sheets (Wanless and 
Ducker 1996; Wanless, Davey et al. 1997). As increased concentration 





independent of the dodecanol concentration due to the penetration of 
dedecanol into micelles. However, on the partially hydrophobised solid 
surface, it is observed that a number of ionic surfactants form globular hemi-
micellar structure (Wolgemuth, Workman et al. 2000). 
 
2.6 Solvothermal reaction 
A solvothermal process is defined as a chemical reaction in a closed 
system in the presence of a solvent either aqueous or non-aqueous solution at a 
temperature higher than the boiling point of such a solvent (Demazeau 2008). 
In the case of aqueous solution, it is named as hydrothermal process instead. 
The development of solvothermal/hydrothermal technologies finds broad 
applications in nanostructured material synthesis, crystal growth, thin film 
deposition and so on. In the supercritical conditions, the generally used mild 
temperature drives the chemical diffusion and reactivity, as well as the high 
pressure could stabilize the metastable materials due to the small conveyed 
energy compared to temperature (Demazeau 2008). Solvothermal reactions are 
determined by both the chemical and thermodynamic factors. The reaction 
mechanism is strongly affected by the nature of solvent, temperature and 
pressure. 
Due to the effective chemical exfoliation of the precursor graphite by 
oxidation, GO nanosheets are not electrically conductive which limits its 
applications for electronic devices. However, it is possible to reduce graphene 
oxide nanosheets by exposing GO nanosheets to hydrazine or heat treatment to 
obtain reduced GO nanosheets which are electrically conductive. Compared to 





advantages with mild reaction conditions and non-impurities process. One-pot 
hydrothermal synthesis was developed for reducing GO and synthesizing 
mesoporous SiO2–graphene nanocomposite from tetraethylortho silicate and 
GO by the combination of protection, reduction and functionalization (Zhou 
and Shi 2012). It is of great interest that Xu and co-workers produced self-
assembled reduced-GO hydrogel by one-step hydrothermal (Xu, Sheng et al. 
2010). Reduced GO with a certain oxygen-containing groups obtained from 
hydrothermal reduction plays an important role in attaching external 
nanoparticles for synthesis of hybrid composites. Additionally, wang and co-
workers reported a facile method to synthesize enhanced hydrophilic GO 
nanosheets and hydrophobic GO nanosheets by solvothermal reaction for 
polymer-based composites and other functional applications (Wang, Wang et 
al. 2009). Also, Ding and co-workers investigated the fundamental factors of 
temperature, time and concentration on the dispersion of reduced GO prepared 
by hydrothermal reduction for forming suspensions with long-term stability 
(Ding, Liu et al. 2012), which is of great significance for their potential 
applications in the preparation of reduced-GO polymer-based composites and 
other applications. 
Besides that, solvothermal synthesis technique also applies to the 
production of TiO2 nanocrystals with different percentage of various facets 
based on adjustable titanium precursors and chemical reaction conditions. Li 
and co-workers reported a facile hydrothermal route for the synthesis of 
tetragonal faceted-nanorods of anatase TiO2, which predominantly exposed 
higher-energy {100} facets, with the process involving the formation of Na-





hydrothermal transformation of the precursors into anatase phase of TiO2 in 
alkaline solution. (Li and Xu 2010). It has been demonstrated that metallic Ti 
can react with HF forming TiO2 under hydrothermal conditions (Wu, Wang et 
al. 2008). Anatase TiO2 single crystals with exposed {001} and {110} facets 
have been successfully synthesized using a modified hydrothermal technique 
in the presence of hydrogen peroxide and hydrofluoric acid solution and it 
exhibited enhanced photocatalytic activities of these nanocrystals for 
degradation of Methylene Blue dye under ultraviolet light irradiation (Liu, 
Piao et al. 2010). Furthermore, morphological controlled synthesis of TiO2 
nanoparticle is realized by solvothermal method with production of a variety 
of nanostructures, including wire, rod, cube and fiber. A few factors determine 
the nanostructure morphology, including the concentrations of the precursor, 








In this chapter, we illustrate material synthesis and characterization of 
electro- and photo-active intercalants or their surfactant templates for 
constructing GO-supported composites. Applicable characterization 
techniques are also introduced in details by referring to the manuals of 
operational instructions. 
 
3.1 Reagents and apparatus 
The chemicals and reagents used in this thesis work together with the 
purity and source are listed in Table 3.1. 
Table 3.1 Reagents used for material synthesis 
Chemicals Grade Supplier 
Decyl alcohol(1-Decanol) 99% Aldrich 
Dodecyltrimethylammonium bromide (DTAB) 
99% Aldrich 
Dodecyl dimethyl benzyl ammonium chloride 
(C12DMBACl) 
99% Aldrich 
Cetyltrimethyl ammonium bromide (CTAB) 
99% Aldrich 
Nitric acid 65-70% Merck 
Ammonium persulfate (APS) 98% Sigma Aldrich 
Pyrrole 98% Aldrich 
FeCl3 99% Aldrich 
Potassium permanganate (KMnO4) 99.9% Normapur 





Sodium dodecylsurfate (SDS) 99% Merck 
Tetraethyl orthosilicate (TEOS) 98% Aldrich 
Graphite < 20 μm Sigma Aldrich 
Hydrochloric acid (HCl) 37% Merck 
Poly(diallyldimethylammonium chloride) 
(PDDA) 20 wt. % Aldrich 
Ammonium 28% Merck 
Ethanol 99.5% Aldrich 
Diethylenetriamine (DETA) 99% Aldrich 
Titanium isopropoxide (TTIP) 97% Aldrich 
 
Descriptions of general equipments for materials preparation are given 
in Table 3.2. 
Table 3.2   Apparatus 
Apparatus Model or Specification Manufacturer 
Hot Plate & Magnetic 
stirrer KMC-130SH Vision Scientific 
Hot Plate & Magnetic 
stirrer MR 3002 Heidolph 
Autoclave Stainless steel lined with Teflon Self-made 
Oven Binder FD240 Fisher Scientific 
pH meter Ioncheck 10 Radiometer Analytical 
Balance AND GF-2000(0.5-2100 g) Goldbell Weigh-System 




Furnace CWF1100 Carbolite 
Ultrasonicator Transsonic 460/H ACHEMA 






3.2 Synthesis of GO-supported PPy composite 
3.2.1 Synthesis and reduction of GO 
Graphite powder (< 20 μm, 2 g) was mixed with sodium nitrate (1 g), 
potassium permanganate (10 g), sulfuric acid (95%) (200 mL), and then stirred 
for 24 hrs. Then deionized (DI) water (100 mL) was added cautiously, and it 
was observed that the color change from brownish to yellow mixture. After 
overnight stirring, peroxide hydrate (30%) (40 mL) was added to make the 
color of mixture turn to bright yellow. Purification of the product takes a 
longer time to remove the contaminants. Basically, a low centrifuge speed, 
such as 2000 rmp, was firstly used for 30min to separate the large particles 
from the liquid phase. Then a high centrifuge speed was increased to 14000 
rmp for the part of liquid phase for 30min. Sediments were collected for 
further filtration. DI water and dilute hydrochloride acid (3%) were 
alternatively used to wash the product. 
Instead of the Modified Hummers’ method described above, an 
improved method without producing toxic gas was adopted for the preparation 
of GO as well. At first, mixed H2SO4 and H3PO4 (90:10 mL) was used to react 
with graphite powder (0.75 g) by stirring for 1 hr, following by adding 
KMnO4 (4.5 g) into the mixture slowly and stirring overnight at 50 °C. It was 
observed that the color of the mixed reactants turned to brownish. By cooling 
the system down to room temperature, DI water (20 mL) was added followed 
by stirring for 1 hr. Again, the system was cooled down to room temperature. 
Then ice water (80 mL) with H2O2 (30%, 10ml) were added to observe the 





Besides that, a pre-oxidized method was developed to prepare better 
exfoliated GO nanosheet. At first, H2SO4 (98%, 12 mL) was added into 
graphite powder (0.75 g) and the mixture was stirred at 80°C for 0.5 hr. Then 
K2S2O8 (2.5 g) and P2O5 (2.5 g) were added into the solution at 80 °C and kept 
stirring for 6 hrs. After cooling down to room temperature, 500 mL DI water 
was added and the system was kept stirring overnight. Removal of acidic 
residues was realized by filtration with DI water. The product was dried at 
60°C to finish the pre-oxidization. After that, concentrated H2SO4 (50 mL) 
was added into the pre-oxidized graphite powder immersed in ice bath. 
KMnO4 powder (6.5 g) was slowly added by keeping the system temperature 
below 20 °C, following by stirring at 35 °C for 2 hrs. The mixture was diluted 
by DI water (200 mL) and stirred for 2 hrs. Then additional DI water (300 mL) 
was added, following by additional H2O2 (30%, 10 mL). DI water and dilute 
hydrochloride acid (3%) were alternatively used to wash the product 
repeatedly. 
GO aqueous solution (2 mg mL-1) was ultrasonicated at high power for 
10 mins. PPy nanoparticles were added into the solution at controlled 
concentrations. The mixture was sealed in a Teflon-lined autoclave at 180 °C 
overnight, followed by cooling the autoclave temperature down to 60 °C and 
finally room temperature. As-prepared products were taken out from the 
autoclave with a tweezer and dried at 60 °C overnight for SEM. 
 
3.2.2 Preparation of PPy nanospheres 
DTAB and decyl alcohol play the role of surfactant and co-surfactant 





DTAB by stirring at 1 °C. Then pyrrole droplets (0.2 g and 0.8 g respectively 
for two samples) were added into the mixture while the reactants are under 
ultrasonication. After that, powdered iron chloride (2 g) was promptly added 
as oxidants. The reaction continues for 30 mins under sonication. At the same 
time, reaction temperature should be controlled. In the first group of samples, 
the initial temperature was set at 0 °C, and then gradually increased to about 
30 °C. Samples were marked as PPy-a-2 and PPy-a-8. The other group was 
operated by keeping the reaction temperature at 0 °C with an ice-water bath 
under ultrasonication, marked as PPy-b-2 and PPy-b-8. It is found that the 
particle size and PSD of the product is a little bit larger for the first group. 
 
3.2.3 LBL assembly 
Firstly, ITO-coated glass substrates were cleaned by the mixture of 
concentrated sulfuric acid and nitric acid (3:1 volume ratio) for 12 hrs. Then 
positively charged PDDA solution (5% w/v) was used to immerse substrates 
for 30 mins. Then the substrates were rapidly rinsed with DI water and dried 
with nitrogen for 30 seconds to finish the smoothing step. Smoothed substrates 
were transferred into aqueous GO dispersion by dipping coating for 15 mins 
followed by rinsing with DI water and drying with nitrogen for 30 seconds. In 
the same way, the substrates were dipped into polypyrrole solution for 30 mins 
followed by rinsing and drying. According to the experimental design, 






3.3 Preparation of surfactant modified GO 
Exfoliated GO was prepared by modified Hummers’ Method and 
followed by purification. Surfactant assembly experiments have been 
separated into two parts. For the first group, two different surfactants were 
added into super-dilute GO solution (0.05 mg mL-1), respectively with the 
result of super-low surfactant concentration. At room temperature, cmc of 
DTAB and CTAB were reported as 4.35 mg mL-1 and 0.354 mg mL-1, 
respectively. By controlling surfactant concentration at a fifth of cmc, the 
usage of DTAB and CTAB was calculated as 87 mg and 7.2 mg in aqueous 
solution (100 mL), respectively. Cationic surfactants were added into well 
dispersed GO aqueous solution (100 mL) under continuous stirring for 5 mins 
respectively and finally deposited on clean glass slides. Samples were marked 
as GO-DTAB-0 and GO-CTAB-0. All the samples were dried overnight in 
oven for XRD and AFM analyses. 
The second group, estimation of DTAB amount is required to meet the 
condition of fully-covered GO nanosheets with surfactant monolayer. As 
known, the specific surface area of graphene has been identified. Preliminary 
calculation could be carried out based on a few assumptions. Firstly, it is 
assumed that GO nanosheets are ideally few-layers existing in the aqueous 
solution (0.25 mg mL-1). Secondly, specific surface area of GO in volume is 
approximately equal to the theoretical value of graphene. Literature-reported 
head group area of DTAB is considered to be accurate, which is 28.9 
angstrom2. Additionally, surfactants are assumed to be tightly aligned on GO 
nanosheets. Based on these, the weight ratio of GO to DTAB is 1:4.38 if 





DTAB-added GO solutions were prepared with the serial concentrations 
below cmc, which is 4.35 mg mL-1. After calculation, a series of DTAB 
concentrations were chosen as 4.5 mg mL-1 (GO-DTAB-1, GO/DTAB = 1:18), 
2.5 mg mL-1 (GO-DTAB-2, 1:10), 1.1 mg mL-1 (GO-DTAB-3, 1:4.38), 0.5 mg 
mL-1 (GO-DTAB-4, 1:2), 0.1 mg mL-1 (GO-DTAB-5, 1:0.4). Continuous 
stirring of surfactant-added GO solution was maintained for 5 mins. Samples 
were deposited on glass and silicon slides followed by drying overnight in 
oven for XRD and AFM analyses. Precipitates were collected by 
centrifugation at 12000 rpm for 30 mins. And the supernate was diluted for 
UV-vis characterization. 
 
3.4 Preparation of hierarchical N-doped TiO2 hollow microspheres 
All the chemicals were purchased from Aldrich and used as received 
without any purification. In a typical synthesis, TTIP (1 ml) and H2O (0.03 mL) 
were added into a solution containing 2-propanol (45 mL) and DETA (0.026 
mL) in sequence. After sufficient mixing, the formed clear sol solution was 
transferred to a Teflon-lined autoclave to conduct a solvothermal reaction at 
200°C for 24 hrs. Then the yellowish precipitates were harvested by 
centrifugation and washed several times by dry ethanol before finally calcined 
at 450 °C for 2 hrs. 
X-ray diffraction (XRD) patterns were obtained by using a Shimadzu 
XRD-6000 diffractometer with a monochromated high-intensity Cu Kα 
radiation of wavelength λ = 0.15418 nm. XRD scanning was operated at 40 
KV and 30 mA under ambient conditions over the 2θ region of 20 ~ 80° at a 





spheres were observed by a field-emission scanning electron microscope 
(SEM, JEOL JSM-6700F) operated at 5 kV, and a transmission electron 
microscope (TEM, JEOL JEM-2010) operated at 200 kV. N2 adsorption-
desorption isotherms were obtained at liquid nitrogen temperature (77 K) 
using a surface area and porosimetry analyzer (UPA-150, Microtrac Inc.). 
Before measurement, the mesoporous TiO2 samples were outgassed under 
vacuum for 8 hrs at 150 °C. The Brunauer-Emmett-Teller (BET) equation was 
used to calculate the surface area from adsorption data obtained at P/P0 = 0.01 
~ 0.30. The average pore diameter was estimated using the Barrett-Joyner-
Halenda (BJH) method from the adsorption branch of the isotherm. Diffuse 
reflectance spectra for TiO2 samples were recorded by a UV-Vis-NIR 
scanning spectrophotometer (Shimudzu UV-3101 PC) in the wavelength range 
of 250–800 nm. X-ray photoelectron spectroscopy (XPS) analyses of thin 
films were carried out in an ultrahigh vacuum (UHV) chamber with a base 
pressure below 5×10-9 Torr at room temperature. Photoemission spectra were 
recorded by a Sigma Probe Instrument (Thermo VG, U.K.) equipped with a 
standard monochromatic Al Kα excitation source (h = 1486.6 eV). The pass 
energy and step size of low-resolution XPS scan were performed at 50 and 10 
eV, respectively. For the high-resolution XPS scan, the parameters above were 
adjusted to 20 and 0.1 eV. The binding energy (BE) scale was calibrated by 






3.5 Characterization (Referred to SOPs of facility manuals) 
3.5.1 Field emission scanning electron microscopy 
Field emission scanning electron microscopy (FESEM) was used to 
investigate the morphology of materials synthesized. FESEM uses a 
condensed, accelerated electron beam to focus on a specimen. The electron 
beam hits the specimen and produces secondary and backscattered electrons. 
Secondary electrons are emitted from the sample and collected to create an 
area map of the secondary emissions. Since the intensity of secondary 
emission is dependent on local morphology, the area map is a magnified 
image of the sample. In this thesis work, SEM images were measured on a 
JEOL-6700F scanning electron microscope, which was operated at an 
acceleration voltage of 10 kV and filament current of 60 mA. Before 
measurement, the samples were stuck onto a double-face conducted tape 
mounted on a metal stud and coated with platinum with a sputter coater (JEOL 
JFC-1300 Auto fine coater). 
 
3.5.2 Transmission electron microscopy 
Transmission electron microscopy (TEM) was used to further justify 
the pore structure. Before measurement, the sample was dispersed in ethanol 
and then dripped and dried on a copper grid. In the operation of TEM, an 
electron beam is focused on a specimen and one part of the electron beam is 
transmitted. This transmitted portion is focused by an objective len into an 
image and the image is passed down through enlarge lenses and a projector 
lens, being enlarged all the way. In the experiment, the TEM was used to 





obtained on a JEOL 2010 and JEM 2010F transmission electron microscope 
operated at an acceleration voltage of 200 kV. 
 
3.5.3 N2 adsorption/desorption 
The isotherm and the PSD of the synthesized materials were 
investigated using physical adsorption of nitrogen at the liquid-nitrogen 
temperature (-196 ºC) on an automatic volumetric sorption analyzer 
(Quantachrome, NOVA1200). In N2 adsorption analysis, a sample is exposed 
to N2 gas of different pressures at a given temperature (usually at -196 oC, the 
liquid-nitrogen temperature). Increment of pressure results in increased 
amount of N2 molecules adsorbed on the surface of the sample. The pressure 
at which adsorption equilibrium is established is measured and the universal 
gas law is applied to determine the quantity of N2 gas adsorbed. Thus, an 
adsorption isotherm is obtained. If the pressure is systematically decreased to 
induce desorption of the adsorbed N2 molecules, a desorption isotherm is 
obtained. Analysis of the adsorption and desorption isotherms in combination 
with some physical models yields information about the pore structure of the 
sample, such as surface area, pore volume, pore size and surface nature. The 
N2 sorption/desorption was carried out at 77 K on a NOVA 1200 analyzer. 
The sample was degassed at 120 ºC for 5 hrs before the measurement. Specific 
surface area was calculated by using the multiple-point Brunauer-Emmett-
Teller (BET) model. The pore size distributions were obtained from the 
analysis of the adsorption branch of the isotherm by the Barrett-Joyner-
Halenda (BJH) method. The total pore volume was obtained from the volume 





3.5.4 Diffusive reflectance UV-Visible spectrophotometer 
The UV-Visible spectrophotometer uses two light sources, a deuterium 
(D2) lamp for ultraviolet light and a tungsten (W) lamp for visible light. UV-
Visible spectrophotometer involves the spectroscopy of photons in the UV-
Visible region. This means it uses light in the visible and adjacent (near 
ultraviolet (UV) and near infrared (NIR)) ranges. The absorption in the visible 
ranges directly affects the color of the chemicals involved. In this region of the 
electromagnetic spectrum, molecules undergo electronic transitions. This 
technique is complementary to fluorescence spectroscopy, in that fluorescence 
deals with transitions from the excited state to the ground state, while 
absorption measures transitions from the ground state to the excited state. The 
UV-Visible reflectance spectra were taken on a Shimadzu UV-1601PC UV-
Visible- Spectrophotometer. 
 
3.5.5 Fourier transform infrared spectroscopy 
Fourier transform infrared spectroscopy (FT-IR) is a measurement 
technique whereby spectra are collected based on measurements of the 
coherence of a radiative source, using time-domain or space-domain 
measurements of the electromagnetic radiation or other type of radiation. A 
FT-IR spectrometer records the interaction of infrared radiation with sample 
measuring the frequencies at which the sample absorbs the radiation and the 
intensities of the absorptions. Chemical functional groups are known to absorb 
light at specific frequencies. Thus the chemical structure can be determined 





bromide, KBr (Merk) in a weight ratio of 1:99, then pelleted using a Pike 
Graseby Specac. 
 
3.5.6 X-ray diffraction 
X-ray diffraction (XRD) was used to justify the diffraction peak 
resulted from the constructive interference comparable with the atom, ion or 
molecule distance in these crystals. The structures of as-prepared materials 
were measured with X-ray diffraction technique (XRD-6000, Shimadzu, Japan) 
using Cu Kα radiation (λ = 1.5418 Å). Measurement condition: voltage 40.0 
kV, current 30.0 mA, scan range up to 60.00 (deg) with scan speed of 2.00 
(deg min-1). X-ray diffraction (XRD) takes advantages of the coherent 
scattering of x-rays by polycrystalline materials to obtain a wide range of 
structural information. The x-rays are scattered by each set of lattice planes at 
a characteristic angle, and the scattered intensity is a function of the atoms, 
which occupy those planes. The scattering from all the different sets of planes 
results in a pattern, which is unique to a given compound. In addition, 
distortions in the lattice planes due to stress, solid solution, or other effects can 
be measured. 
 
3.5.7 Dynamic laser scattering analyzer 
Dynamic light scattering (also known as photon correlation 
spectroscopy or quasi-elastic light scattering) (DLS) is a technique in physics, 
which can be used to determine the size distribution profile of small particles 
in suspension or polymers in solution. DLS is used to characterize the size of 





nanoparticles. If the system is monodisperse, the mean effective diameter of 
the particles can be determined. This measurement depends on the size of the 
particle core, the size of surface structures, particle concentration, and the type 
of ions in the medium. 
 
3.5.8 X-ray photoelectron spectroscopy 
X-ray photoelectron spectroscopy (XPS) is one of the classical surface 
analysis tools used to justify the elemental composition of the synthesized 
materials. When a primary X-ray beam of precisely known energy impinges 
on sample atoms, inner shell electrons are ejected and the energy of the ejected 
electrons is measured. The difference in the energy of the impinging X-ray 
and the ejected electron gives the binding energy (Eb) of the electron to the 
atom. Since this binding energy of the emitted electron depends on the energy 
of the electronic orbit and the element, it can be used to identify the element 
involved. Furthermore, the chemical form or environment of the atom affects 
the binding energy, which can also be used to identify the valence of the atom 
and its exact chemical form. In this thesis work, the XPS spectra were 
obtained using AXIS HIS (Kratos Analytical Ltd., U.K.) with an Al Kα X-ray 
source (1486.71 eV protons), operated at 15 kV and 10 mA. The pressure in 
the analysis chamber was maintained below 10-8 torr during each measurement. 
All spectra were fitted by a software package XPSpeak 4.1 with the 
subtraction of Shirley (for transition metals) or linear background (for other 
elements) and a ratio of 0% Lorentzian-Gaussian. The calibration of binding 
energy (BE) of the spectra was referenced to the C 1s electron bond energy 





3.5.9 Atomic force microscopy 
Tapping-mode atomic force microscopy (AFM) measures topography 
by tapping the surface with an oscillating tip. This eliminates shear forces 
which can damage soft samples and reduce image resolution. Tapping mode is 
available in air and fluids (patented). This is now the technique of choice for 
most AFM work. NanoScope systems from Digital Instruments Veeco 
Metrology Group are technological leaders in the field of scanning probe 
microscopy (SPM). They provide fully digital software control of the SPM 
process, from real time manipulation of the microscope system to offline 
viewing, analysis and modification. 
 
3.5.10 Malven instrumental analyzer 
The Zetasizer Nano Z uses micro-electrophoresis / electrophoretic light 
scattering technology to measure zeta potential and electrophoretic mobility. 
Laser doppler micro-electrophoresis is used to measure zeta potential. An 
electric field is applied to a solution of molecules or a dispersion of particles, 
which then move with a velocity related to their zeta potential. This velocity is 
measured using a patented laser interferometric technique called M3-PALS 
(Phase analysis Light Scattering). This enables the calculation of 
electrophoretic mobility, which could be converted to zeta potential through 
the Smoluchowski equation (Hunter 1981), 
 /e  
Where η is the absolute viscosity of the aqueous solution, ɛ is the dielectric 
permittivity and μe is the electrophoretic mobility of the dispersed solid 





smaller than the mean radius of the particles. Software is designed to be 
versatile and rich in features without compromising ease of use with 











Among diverse conducting electro-active polymers as electrode 
materials for electrochemical devices, intrinsically conducting polypyrrole 
(PPy) has been widely studied for applications in the supercapacitor (Zhang, 
Zhao et al. 2010) and catalyst support materials of fuel cells (Saner, Gursel et 
al. 2013) in consideration of its fast redox reaction and good thermal stability. 
On the other hand, although as insulating materials, graphene oxide (GO) has 
been extensively studied for energy conversion and storage systems due to its 
excellent mechanical property, high surface area, few-layer structure and great 
precursor for high-performance energy materials by chemical modification. 
Also, it is of much industrial significance that the production of GO could be 
scaled up in large-scale manufacturing process due to its easy processability in 
solution. GO nanosheet provides an ultrathin support film for PPy to overcome 
the drawback of polymer degradation in the cycling process of electrochemical 
device.  
GO nanosheet shows especially high aspect ratio over the order of 103 
and the functional properties of GO-based materials are not only dependent on 
the quality of the GO nanosheets but also their assembly strategies. Hence, it 





assembly of GO-based polypyrrole building blocks with desired 
nanostructures. 
A great challenge in the fabrication process of GO intercalated 
conducting electro-active polymer composites is the ability to control the 
orientation of GO nanosheets and realize their nanometer-level distribution in 
polymer matrix. Additionally, in order to increase the efficiency of hole and 
electron transport, the thickness of as-prepared materials is supposed to be as 
small as possible. Hence, based on Langmuir-Blodgett assembly mechanism, 
layer-by-layer (LBL) assembly technique is introduced as a straightforward 
method for fabricating multilayer arrays of selective components in 
alternatively intercalated manner. It was interestingly observed that GO few-
layer nanosheets gave the property of Langmuir-Blodgett assembly in 
air/water interface (Cote, Kim et al. 2009), which contributes to the effective 
LBL assembly of well-dispersed GO-based conducting polymer composites. 
Figure 4.1 for LBL assembly of GO-based polymer nanocomposite sets a good 
example in the intercalation of GO nanosheets into polymer matrix. Herein, it 
is of great significance to understand the colloidal nanoparticle interaction in 
the transfer process. 
In the molecule-level view of LBL assembly process, surface potential 
energy, charge properties and intermolular energy of colloidal nanoparticles 
determine the feasibility of fabricating stable and well-stacking compact 
structured thin film composite materials. Though experimentally analytical 
technique is restrained for characterizing the dynamic process in the molecular 
level, the quantitative estimation of molecular interaction energy is still 





proceeding to the quantitative understanding of interaction energy for the 
colloidal systems, the surface charge distribution of colloidal particles should 
be reasonably modeled by referral to their chemical structure, and also need to 
be simplified for theoretical calculations. 
 
Figure 4.1 Schematic representation of fabrication and assembly of free-standing GO-LbL 
membrane by dip coating method (Kulkarni, Choi et al. 2010). 
 
In this chapter, mathematical expressions would be established to 
forecast the macroscopic colloidal behaviors for LBL assembly process from 
the view of microscopic view by stating the quantitative relationship of 
intermolecular interaction energy with controllable factors in the system. If 
experimental results work, the reliability of model could be validated. The 
objectives of this chapter include: 
(1) understanding the intermolecular potential energy for GO 
nanosheet support and PPy nanoparticles individually for stabilizing the 
colloidal systems; 
(2) quantitatively understanding the intermolecular interaction force of 





(3) finding out the intermolecular interaction force with most 
possibility in the selected condition for more realistic evaluation of the LBL 
assembly process. 
 
4.2 Preliminary experimental observation 
4.2.1 Langmuir-Blodgett assembly 
To realize LBL assembly of multilayer GO-based composites, several 
methods, including dip-coating, spin-coating or spray-coating, could be 
adopted. In the cases of spin-coating and spray-coating, GO and conducting 
electroactive polymer are alternatively deposited on selected substrates by 
controlling the rotating or spraying rates, as well as time length of operation. 
However, the drawbacks of both methods concentrates on multilayer 
aggregates and crumpled GO nanosheets due to uncontrolled de-wetting and 
capillary flow during solvent evaporation. However, dip-coating overcomes 
the problems in monolayer self-assembly manner with each immersion or 
emersion to achieve stepwise increasing layer thickness. 
In consideration of the 2D monolayer polymer structures of GO 
nanosheet, water plays the role of an ideal medium to investigate the 
interactions of GO nanosheets since it easily accommodates the planar GO 
nanosheets at the air-water interface. Furthermore, the flexibility and softness 
of water surface allow free movement of GO nanosheets during the dip-
coating process. In the dilute GO solution, distributed thin films of GO 
nanosheet monolayer float at the air-water interface without any stabilizing 
agents. Hence, monolayer thin film could be easily deposited onto substrate 





substrate for deposition of conducting electroactive polymer layer in the 
following step. 
In order to forecast the practicability of stacking stable GO-based 
conducting PPy composite structure by LBL assembly technique, zeta 
potential could be treated as an important index of the magnitude of 
electrostatic interaction based on their electrokinetic effects. In the as-prepared 
PPy (1.0 mg mL-1) and GO (0.2 mg mL-1) aqueous solution, it was observed 
that PPy and GO nanoparticles show varied surface charge property 
respectively by changing the pH of the solution. In aqueous media, the pH of 
the sample is the dominant factor that affects its zeta potential. 






















 Graphene Oxide (GO)
 Polypyrrole (PPy)
 
Figure 4.2 Zeta potentials of PPy and GO as a function of solution pH value. 
 
In the conducting PPy nanoparticle system, the surface charge could 





pH environment. However, GO nanosheet maintains the negative charged 
surface at a slight slope in the  wide range of pH values.  
Hence, it is assumed that PPy nanopaticles should be charged as 
positive as possible, in the purpose of constructing stable multilayer of GO-
based conducting polymer nanocomposites. To achieve this goal, pH of PPy 
solution is controlled to be less than 7 according to the measurement results. 
To mitigate the perturbation of surface charge density of colloidal 
nanoparticles under varing pH at equilibrium during layer by layer assembly, 
both pH of two alternative dipping solutions are kept consistent. It leads to the 
higher regularity in the whole stacking structure.  
The magnitude of the zeta potential indicates the stability of colloidal 
systems. If all the particles in suspension have a relatively large negative or 
positive zeta potential, they repel each other, leading to a stable dispersion of 
colloidal particles. Otherwise, repelling force is not strong enough to prevent 
the nanoparticles assembly together. Referring to Malvern Instruments 
Zetasizer Nano series technical note MRK654-01, the dividing line between 
stable and unstable suspensions is generally taken at either +30 or -30 mV. By 
this definition, PPy nanoparticle is unstable in acidic solution. 
 
4.2.2 Conceptual layering structure 
Following the transfer direction of immersion or emersion (Figure 4.3 
only shows the emersion transfer), spherical PPy or planar GO nanosheets are 






                                    
Polypyrrole (PPy):                                        Graphene oxide (GO):  
Poly(diallyldimethylammonium chloride) (PDDA):  
 
Figure 4.3 Schematic presentation of layering process in LBL assembly. 
 
4.2.3 Substrate smoothing 
If only weak binding force appears between layers, de-wetting brings 
aggregation problem for PPy nanoparticles or GO nanosheets after deposition 
on substrate for drying, which breaks regularity in the layering nanostructure. 
Hence, it is desired to incorporate sufficient intermolecular force into the 





required to be highly charged to prevent aggregation in the following layer, as 
well as smooth and soft for molecular layering and adjustment. 
It is noted that, in the purpose of further investigating electrochemical 
properties of GO-based conducting electroactive polymer nanocomposite by 
LBL assembly as electrode materials, ITO-coated glass substrate was adopted 
and chemically treated to be negatively charged before use. During the 
experiment, it was observed that piranha soaking of the substrate damages the 
ITO layer on the glass substrate and makes the surface negatively charged, 
although piranha solution is effective for ITO activation on the glass with the 
lowest contact angle. So it is desired to smoothen the substrate before further 
operation. 
 
Figure 4.4 Molecular structure of poly(diallyldimethylammonium chloride). 
 
A positively charged polyelectrolyte, poly(diallyldimethylammonium 
chloride) (PDDA) described in Figure 4.4 is treated as a lubricant material for 
modifying the substrate with free moving polymer chains. Meanwhile, 
positively charged molecular chains plays as an electrostatic glue to retain a 
stable negatively charged GO monolayer for further multilayer stacking. 
PDDA is reported with high conductivity in combination with excellent 
stability, as well as relatively high transparency. PDDA molecular chains have 





were negligible for PDDA-based films due to pH-independent positive 
charges on the PDDA molecular chains. This property also facilitates 
stretching conformation of PDDA molecular chains in the film due to the 
electrostatic electrostatic attraction with the oppositely charged colloids. On 
the other hand, conductive PDDA is functionalized as polyelectrolyte to 
facilitate electrolyte ions transport through segmental motion of polymer 
chains in electrochemical device. 
Denoted as S-PDDA-GO, monolayer of GO nanosheets was prepared 
on PDDA-treated ITO-coated glass substrate. S represents ITO-coated glass 
substrate after piranha solution treatment. FESEM in Figure 4.5 shows that 
transparent GO nanosheet is stretched on PDDA-treated substrate with a few 
wrinklings. Thin-film PDDA and few-layer GO nanosheets are both 
transparent materials so that the destroyed ITO layer could be clearly 
identified. Morphology of GO nanosheet was studied throughout different 
regions of the substrate and most of GO nanosheets lie on the substrate in the 
same way. 
   








Additionally, few-layer GO nanosheet loaded on PDDA-coated 
substrate could be further confirmed by X-ray diffraction (XRD). Figure 4.6 
shows the XRD patterns of as-prepared S-PDDA and S-PDDA-GO. XRD 
patterns of S-PDDA-GO shows the characteristic Bragg diffraction peak of the 
few-layer GO nanosheet compared to S-PDDA. 











Figure 4.6 X-ray diffraction analyses of PDDA and GO-coated PDDA on ITO-coated glass 
slides. 
 
4.3 Quantitative estimation of intermoelcular interaction 
Colloidal stability was quantitatively described by combining 
electrostatic interaction with the van der Waals attraction in DLVO theory. 
The stability of colloidal systems relies on the repulsion generated from the 
overlap of electrical double layers near the surface of nanoparticles. With 
quantitative understanding of potential energy in the colloidal systems for GO 
nanosheet, PPy nanosphere and their interaction energy in aqueous solution, it 
could determine the stability of individuals and the efficiency of layering LBL 





plane, sphere-to-sphere and plane-to-sphere are estimated by theoretical 
relationship and designed parameters. According to DLVO theory, total 
intermolecular interaction potential energy is the sum of electrostatic potential 
energy and van der Waals attraction. Hamaker constants of van der Waals 
attraction are set to be 10-20 J in all colloidal systems at room temperature. 
 
4.3.1 Quantitative estimation for GO stability 
4.3.1.1 Particle shape and size of GO nanosheet 
As shown in Figure 4.7(A-B), FETEM images reveal the planar shape 
of GO nanosheets in aqueous solution and approximate dimension size at the 
level of micrometers. Dynamic light scattering is used to determine the size 
distribution of small particles suspension. As shown in Figure 4.7(C), flat line 
on the two ends is combined with a smooth slope of the curve in the middle. It 
demonstrates that particle size is relatively uniform in the characterized system. 
Data shows that effective particle size of GO nanosheet is about 0.9293 μm 






              
 
 
Figure 4.7 As-prepared GO (A-B) FETEM suggests planar structure with minor crumpled 
areas. (C) Dynamic lighting scattering analysis and correlation function. 







4.3.1.2 Preliminary assumptions 
In the purpose of understanding the interfacial phenomena of GO 
nanosheets in aqueous solution, Gouy-Chapman-Stern model is used to 
quantitatively configure the electrokinetic relationship in priority. It is 
assumed that the basal plane of GO nanosheet is infinitely flat surface in order 
to make the calculation feasible. The assumption is mostly practical due to the 
relatively large-size nanosheet compared to the ions and PPy nanospheres in 
the next section. Due to the complexity of multivariable colloidal systems, 
some additional assumptions need to be made before proceeding to the 
theoretical estimation. 
I. Finite size effects and ion–ion correlations are overlooked in the 
aqueous solution of GO nanosheets; 
II. Ion concentration is not extremely high and the size of the ion is 
significantly smaller than the geometry confining the solution; 
III. Constant temperature is maintained at 25℃ to avoid the dependence in 
relative permittivity and Debye-Huckel parameter 
IV. In the pH range of interest, ionic strength is only determined by pH and 
acidic electrolyte type without regarding to conductivity. The effect of 
contaminant ions is excluded due to the repeated purification of 
synthesized chemically exfoliated GO nanosheets; 
V. Charged groups of GO nanosheet have a uniform distribution 
throughout the planar surface; 
VI. Surface potential is considered to be equal to zeta potential. Zeta 





is small enough for Debye-Huckel approximation with certain 
precision; 
VII. Gravitational potential energy is not considered in the calculation of 
total potential energy. 
 
4.3.1.3 Potential distribution 
In the established model, potential distribution around a charged 
colloidal particle with a planar surface is governed by Poisson equation (4.1). 
According to the equation, if the charge distribution in aqueous solution is 
elaborated, the potential distribution can be calculated numerically in the case 
of planar nanoparticle. 













                             (4.1) 
Where ɛ0 = 8.854 × 10-12 (C V-1 m-1) is permittivity of vacuum, ɛr is the 
relative permittivity and equal to 78.54 for water at 25℃.  
On the planar surface of GO nanosheet, the potential is assumed to 
only vary along the perpendicular direction of nanosheet plane. Hence, 
according to Boltzmann statistics, the governing equation could be reduced as 
follow: 











                   (4.2) 
While absolute value of potential is small enough, the exponential of right-
hand potential-related term in (4.2) could be expanded with Taylor expansion 
















x                                (4.3a) 
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Hence, the zeta potential measurement delivers significant information for 
determining the feasibility of Debye-Huckel approximation and scale of 
potential distribution. With those prerequisites, it yields: 












                (4.4) 
In order to derive the universal formula for a few more definitions, zi is 
temporarily kept without substituting the real figure. In the bulk solution, the 
neutrality condition is noted as below: 
                                                       00 
i
ii ezn                                             (4.5) 
Thus, equation (4.4) is reduced and becomes:  




















ii    is Debye-Huckel parameter and its 
reciprocal value is twice of the layer thickness. For a given electrolyte, debye-
huckel parameter depends upon only temperature and the bulk electrolyte 
concentration. I denotes the ionic strength of the solution given 
by  )(5.0 2ii zcI . ci is the electrolyte concentration with unit (mol L-1). At 
25℃, I288.3  with unit (nm-1). 
In the interested range of 72  pH , the ionic strength is assumed to 
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1288.3288.3                         (4.7) 
Let us recall the differential equation (4.6), the solution is expressed as: 
                                          )exp()exp()( 21 xCxCx                          (4.8a) 
With boundary conditions: 
                                                      x = 0,  )(x                                       (4.8b) 
                                                      x = ∞, 0)( x                                       (4.8c) 
Hence, 
                                                   )exp()( xx                                       (4.8d) 
 
Table 4.1 Experimentally measured zeta potentials of GO nanosheet with corresponding pH 
values. 




































Figure 4.8 Potential energy distribution of as-prepared GO nanosheets in different 
combinations of pH and electrolyte types. 
 
As shown in Figure 4.8, either lower pH or larger z indicates the higher 
ionic strength by concentration and ion valence respectively. The electrical 
double layer of GO nanosheets would be compressed in a higher ionic strength, 
leading to steeper change in potential energy along the distance from the 
nanosheet. 
Obviously, if surface potential and Debye-Huckel parameter are both 
available from the experimental results and calculation, the potential 
distribution at the interface of solid planar nanoparticles could be explicitly 
described. Surface potential could be estimated by zeta potential measurement 
experimentally. Debye-Huckel parameter could be derived based on the ionic 
strength and ion valency in equation (4.7). In assumption VI, zeta potential is 





electrolyte types. With adjusted R-square equal to 0.97843 (R squared 
indicates how well data points fit a line or curve. The adjusted R-squared takes 
the number of input parameters the model accepts into account and is a better 
indication of model fit.), zeta potential of GO nanosheet solution is linearized 
with pH from the experimental data in Figure 4.2: 
                                                 pH6.073.35                                       (4.9) 
Now expression of potential distribution becomes:  
                       )10
2
1288.3exp()6.073.35()( xzpHx pH           (4.10) 
 
4.3.1.4 Stability analysis of GO nanosheet in aqueous solution 
The electrostatic potential between planar nanoparticles could be 
attained by the calculation of the work done while moving the parallel planar 
nanosheet closer to a distance D from an infinite distance: 




R dDV                                             (4.11) 
Where   is the excess osmotic pressure between the parallel plates, which 
equals to the osmotic pressure of middle plane of two spheres subtracted by 
the osmotic pressure of bulk electrolyte: 
                                                   mBm nnTk )(                                   (4.12a) 
                                                  )( 00   nnTkBbulk                                 (4.12b) 
Recall the Boltzmann distribution equation for ion concentration, 
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     (4.12d) 
According to the experimental measurement, ѱm is small enough for 
exponential expansion and the first three terms are retained. Then 









002                                   (4.12e) 
Due to the weak colloid and ion interaction, the overlap is small between GO 
nanosheets. It is assumed that the total potential at the middle point between 
them is simply direct addition of the potentials from the two planar nanosheets: 









pH                          (4.13) 
Refer to equation (4.11), hence, 
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4.3.1.5 Total interaction energy of GO 
In DLVO theory, van der Waals attraction energy is also considered 
(Verwey 1948): 

















               (4.15) 
Where A represents Hamaker constant. Matlab software gives the profile of 
intermolecular interaction energy for GO nanosheet with the variables of 
distance and pH at different z in Figure 4.9. The barrier height of 
intermolecular interaction energy determines the stability of GO nanosheets in 
electrolyte solution. One nanometer is set as the lowest limit of distance for 





10-4 J m-2 is the order of interaction energy to overcome for aggregation. As 
seen from the potential energy barriers, GO nanosheet shows good stability in 
aqueous solution with different electrolytes. Interestingly, there are crossing 
lines among the profiles of different electrolytes, providing a useful map to 
determine the optimized combination of pH and electrolyte types in 
consideration of steric effects for colloids by locally drawing cross sections 




Figure 4.9 DLVO interaction energy of as-prepared GO nanosheets relationship with distance 
and pH in different electrolyte types. (A) 3D view of potential energy change along the 
distance and pH value. (B) Sectional top view for highest potential energy values varied by 










4.3.2 Quantitative estimation for PPy stability 
4.3.2.1 Particle shape and size of PPy 
As shown in Figure 4.10,  FESEM and TEM images reveal that most 
of PPy nanoparticles establish spherical shape and have the uniform particle 
diameter around (100 + 10) nm, although some aggregated and irregular ones 
existed. Dispersed in acidic aqueous solution, low zeta potential of PPy 
nanoparticles in Figure 4.2 indicates the possibility of aggregation without 
sufficient repulsive energy. 
   
  
Figure 4.10 FESEM (A-B) and TEM (C-D) of monodisperse PPy nanoparticles with radius 50 
nm. 
 
4.3.2.2 Preliminary assumptions 
Surface charge properties and double layer potential distribution for a 








mathematical derivation on analytic expressions to study surface charge 
density/surface potential relationship for a spherical colloidal particle in a salt-
free medium as well as general electrolytes (Ohshima 1995; Ohshima 2002). It 
showed that there are two distinct cases in the salt-free medium, in which the 
ion effect has been eliminated, separated by a critical value of the surface 
charge density, including low surface charge density and high surface charge 
density. Out of them, counterion condensation occurs in the vicinity of the 
particle surface for the latter case because of the very strong electric field. 
However, the Poisson-Boltzmann equation for a spherical particle in an 
electrolyte solution has not been analytically solved without Debye-Huckel 
approximation. Hence, some necessary assumptions need to be proposed for 
effective estimation. 
I. Finite size effects and ion–ion correlations are overlooked for the 
colloidal system in the aqueous solution; 
II. Ionic concentration is not high enough and the size of the ions are 
significantly smaller than the size of geometry confining the solution; 
III. Constant temperature is maintained at 25℃ to avoid the dependence in 
relative permittivity and Debye-Huckel parameter; 
IV. In the pH range of interest for 1-1 electrolyte, ionic strength is only 
determined by pH without regarding to conductivity; 
V. PPy nanoparticle has a uniform charge distribution on the surface; 
VI. Surface potential is considered to be equal to zeta potential. Zeta 
potential has a linear relationship with pH in the range of interest and 





VII. Gravitational potential energy is not considered in calculation of total 
potential energy. 
 
4.3.2.3 Stability analysis of PPy in aqueous solution 
Combining the van der Waal energy with electrostatic interaction 
energy from Ohshima’s derivation (Ohshima, Healy et al. 1982), the 
mathematical expression is shown in equation (4.16) for the total interaction 
energy of two spherical colloidal particles in 1-1 electrolyte: 






                           (4.16) 
From the experimental data, three representative points were selected for 
preliminary understanding at the particle radius of 50 nm, 
 
Table 4.2 Experimentally measured zeta potentials of PPy nanospheres with corresponding pH 
values. 

















































Figure 4.11 Potential energy distribution of as-prepared PPy nanospheres at different pH 
values. 
 
In Figure 4.11, intermolecular interaction energy of PPy nanospheres 
in different pH of 1-1 electrolyte solution shows the energy barrier in the order 
of 10-19 J near the spherical surface with corresponding distances of a few 
nanometers. Stronger ionic strength leads to higher energy barrier in the 
shorter distance from colloidal surface.  
From the assumption VI, with adjusted R-square 0.9722: 
                                             pH75.462.43                                         (4.17) 
Matlab software gives the profile of intermolecular interaction energy for PPy 
nanoparticles with the variables of distance and pH in different particle sizes 
(radius of PPy a = 50, 100 and 200 nm) in Figure 4.12. The barrier height of 





nanometer is also set as the lowest limit of distance between nanospheres and 
coagulation is possible while thermal energy overcome repulsive interaction 
energy in the order of 10-13 J. Weaker ionic strength significantly decreases the 
energy barrier height in higher pH. 
 
 
Figure 4.12 DLVO interaction energy of as-prepared PPy nanospheres relationship with 





4.3.3 Quantitative estimation for LBL of GO and PPy 
For weak overlapping counterion clouds, the double-layer potential 
energy between a spherical particle and a flat is given (Flicker, Tipa et al. 





















tanh()(16)( 2     (4.18) 
Where pHs 75.462.43  , pHp 6.073.35  with unit mV. 




































Figure 4.13 DLVO interaction energy of GO nanosheets and PPy nanoparticles in 1-1 
electrolyte at room temperature. 
 
As shown in Figure 4.13, the effective intermolecular attraction 
between GO and PPy happens in the distance at a few tenths of nanometers. 





strength. To better understand the interaction process, intermolecular attraction 
force is derived from the equation (4.18). 
dD





















sB         (4.20) 
Matlab software gives Figure 4.14, which indicates the short-distance 
intermolecular attraction between GO nanosheets and PPy nanospheres. In the 
pH range of interest, it is observed that there is a maximum intermolecular 
attraction force for each specific distance. Providing the validity of the 
modeling equation, optimal pH could be estimated according to the size of 
system box and the density of nanoparticles. 
 
 
Figure 4.14 Intermolecular force between GO nanosheets and PPy nanoparticles with different 
particle radii in 1-1 electrolyte solution at room temperature. 
 
In each selected pH value, the effective range of intermolecular 
interaction distance could be defined as the intermolecular force larger than 
one tenth of that in the distance of one nanometer, which is the starting point 





interaction area of LBL assembly could be highlighted in the conceptual 
process in Figure 4.15 here, providing a visualized understanding of molecular 
behaviors for the components in Langmuir-Blodgett assembly. 
                   
Figure 4.15 Schematic presentation of effective interaction areas (red-dot box or circles) in 
LBL assembly in 1-1 electrolyte at room temperature. (Note that the realistic thickness of GO 
nanosheets is not scaled due to the ultrathin thickness at atomic level.) 
 
In practice, there are always certain normal distributions for the 
selected mean pH, nanoparticle size and layering particle distance due to the 
fluctuation of ionic concentration, quality of nanoparticle synthesis and their 
thermodynamic motion, respectively. Hence, a preliminary work has been 






for practical values of those factors in a certain combination of operational 
conditions. Herein, a combination of (pH = 4, D = 15 nm, a = 50 nm) with the 
standard deviation of (1, 15 nm, 20 nm) respectively in normal distributions 
were evaluated for the distribution of realistic intermolecular interaction force. 
Programming in Matlab software gave Figure 4.16, showing the distribution of 
intermolecular force between GO and PPy for their selected operational 
conditions and normal distributions. It is observed that the most likely 
intermolecular force between GO and PPy is around 0.6×10-11 N in the 
selected conditions. Actually, this value is of more significance for us to 
estimate the rate of layering in Langmuir-Blodgett assembly. 
 
Figure 4.16 Distribution of intermolecular force between GO and PPy at selected operational 
condition with certain normal distributions. 
 
4.4 Summary 
A new approach was established to understand the effective layered 
conducting polymer PPy intercalated GO nanosheets in corresponding 
operational conditions in the view of colloidal intermolecular potential energy 
and interaction force, without the consideration of Born repulsion at very 





nanostructured composites by embracing the unique properties of both GO and 
conducting polymer PPy.  
It is always expected that there are higher energy barriers to be 
overcome in the aqueous solution for individual components with regarding to 
the stability. For GO nanosheets, the derived expression based on the 
measured experimental data gives the trend of interaction potential energy 
along with pH and distance in different electrolyte types. The corresponding 
profile quantifies the stability of GO nanosheets. The EDLs of GO nanosheets 
would be compressed in a higher ionic strength with different valences of 
electrolyte types and ionic concentration, leading to steeper change in 
potential energy along the distance from the nanosheet. Also, it is interesting 
to find that the profile of highest energy potential is divided by different 
electrolyte types, providing us a more rational mapping of the significant 
factors for tracking the trend of intermolecular potential energy in GO 
nanosheets solutions while considering steric effects. Potential energy barriers 
are more easily identified for PPy nanospheres due to the low absolute zeta 
potential and highly sensitive variance along the range of pH. Hence, it is of 
more significance to investigate the relationship of potential energy along the 
distance with pH and particle size for PPy nanospheres. Larger size of PPy 
nanosphere may lead to better stability without considering the effect of 
gravitational potential energy. 
DLVO interaction potential energy between GO nanosheets and PPy 
nanospheres gives primary minimum and derived intermolecular force 
determines the layering rate and range of interaction distance in LBL assembly. 





provides us a more meaningful value to evaluate the rate of layering in 
Langmuir-Blodgett assembly. It is observed that the most likely intermolecular 
force between GO and PPy is around 0.6×10-11 N while particle radius at 50 
nm and pH at 4 with the setting distributions. 
Beyond the system discussed in this chapter, the methodology 
introduced in the work can be extended for studying other charged colloidal 






SURFACTANT ASSEMBLY AND SURFACE 
MODIFICATION ON GRAPHENE OXIDE 
 
5.1 Introduction 
Providing the large accessible surface area and thermal stability, the 
role of GO is discussed as the ultrathin support material for GO-based 
conducting polymer composite, which is often used as the unreduced 
precursor for the final graphene-based products. After reduction, the electrical 
conductivity of reduced GO-based composites could be enhanced for specific 
applications in energy conversion and storage systems. Langmuir-Blodgett 
assembly provides an effective and direct route for the intercalation of 
functional polymers into GO support. However, conventional LBL assembly 
does not apply for single charged, uncharged or water-repellent molecules. 
To solve the problem, cationic surfactant is proposed to modify the 
surface charge property of GO nanosheet or construct nano-vessel assembly 
for in-situ polymerization of monomers. We prefer to work with surfactants 
since they not only assist the dispersion of graphene-based materials in 
aqueous solution but also direct the self-assembly of polymers into 
nanostructures (Wang, Kou et al. 2010). For example, conducting film from 
GO and poly(acrylic acid) (PAA) was fabricated by LBL self-assembly shown 
in Figure 5.1 (Wu, Tang et al. 2008). It is obvious that the direct LBL 
assembly of GO nanosheet and PAA does not work due to the repulsive force 





charge property of GO nanosheet to realize the fabrication of GO-based PAA 
composite film in LBL assembly. Although the location of carboxyl group on 
GO nanosheet is still under debate, it is observed from the Langmuir-Blodgett 
assembly of PPy nanospheres and GO nanosheets in the chapter A2 that the 
planar surface of GO nanosheet is likely to be composed of a hydrophobic 
basal plane with hydrophilic edge. Herein, while introducing the cationic 
surfactants, cetyltrimethylammonium bromide (CTAB) or dodecyl 
trimethylammonium bromide (DTAB), basal plane of hydrophobic GO 
nanosheet is covered with alkyl chain due to the hydrophobic interaction with 
a large number of hydrophilic ammonium ions situated on the surface layer of 
hemicylindrical micelles as shown in Figure 5.1. 
- 
Figure 5.1 Structure of modified GO and poly(acrylic acid)(Wu, Tang et al. 2008). 
 
However, the hemicylindrical or cylindrical morphology is only 
achieved while the amount of surfactants over cmc is provided for 
intercalation into GO nanosheets. Surfactant assembly behavior needs to be 





electro- and photo-active polymers intercalated GO nanosheets by in situ 
polymerization. A series of electroactive conducting polymers, typical of PPy, 
have been widely investigated as electrode materials in energy conversion and 
storage devices due to its good stability, favorable physiochemical properties 
and low cost. However, due to their degradation characteristics, the individual 
material could not resist the influence of environment for long-term stability. 
Herein, it is desired to intercalate those polymers on a support with a great 
mechanical strength, such as 2D membrane-like GO nanosheet.  
The study on surfactant assembly behavior on GO nanosheet not only 
breaks out of the limitation for LBL assembly in the preparation of GO-based 
polymer composites, but also drives the development of more diverse 
structured polymers between GO nanosheets support by surfactant-directed 
template method. Our research group has reported the work on surfactant-
directed template method for preparation of GO-based conducting polymer 
composites with in-situ polymerization in the surfactant micelles intercalated 
between GO nanosheets (Zhang, Zhao et al. 2010). Other research group 
reported research for CTAB assembly on mica in low concentration (Zhao 
Feng 2004). Forecasting aggregation shapes of surfactant assembly can be 
conducted based on the force balance acting on the surfactants in aqueous 
solution. Of fundamental importance is the determination of the amount 
adsorbed and the properties of the surfactant, the native surface and the altered 
surface. Isotherms have been widely investigated and used to infer aggregation 





(1) understanding the mechanisms of surfactant assembly below cmc 
on charged GO nanosheet to develop new nanostructures of templated electro- 
and photo-active intercalants; 
(2) tuning the surface charge property of GO by cationic surfactant to 
accommodate multiple charged intercalants by LBL assembly. 
(3) studying the effect of intercalated polymer chain density on 
adsorption of ions based on the confinement and nanostructure of intercalants 
either by LBL assembly or surfactant-directed template method. 
 
 
Figure 5.2 Morphological transformation from rod to cylinder to bilayer (Zhao Feng 2004). 
 
5.2 Characterization of structural properties 
5.2.1 Structural properties of surfactant modified GO nanosheet 
5.2.1.1 XRD analysis of CTAB- and DTAB-modified GO nanosheet 
XRD is a powerful tool for the structural analysis of layered materials, 
such as GO. At room temperature, the cmc values of DTAB and CTAB are 
reported as 4.35 and 0.354 mg mL-1 (Gao, Zhu et al. 2004; Bahri, Hoebeke et 
al. 2006; Modaressi, Sifaoui et al. 2007). Exfoliated GO nanosheets were 
prepared by modified Hummers’ method and dispersed in aqueous solution. 
The two surfactants were respectively added into 0.05 mg mL-1 GO aqueous 
solutions with controlling the concentration at a fifth of cmc under continuous 
stirring. Samples were marked as GO-DTAB-0 and GO-CTAB-0. Basal 





the Bragg equation. As XRD patterns shown in Figure 5.3, the well-resolved 
peaks of GO, GO-DTAB-0 and GO-CTAB-0 correspond to 0.701 nm, 1.145 
nm and 1.273 nm, respectively, where the XRD pattern of GO is consistent 
with reported results (Chen, Yang et al. 2009). 













Figure 5.3 XRD analyses of GO, GO-DTAB-0, and GO-CTAB-0 deposited on glass slide. 
 
Instead of a strong and sharp peak for exfoliated GO, broadened XRD 
diffraction peaks with decreasing intensity indicates the structural 
imperfections and crystallite size reduction for surfactant-intercalated GO. It is 
suggested that the intercalated cationic surfactants could spontaneously 
exfoliate the few-layer GO nanosheets further. From empirical equation for 
saturated hydrocarbon chain, 
                                                   
2
127.015.0 CHnl                                      (5.1) 
Where l is the length of the hydrocarbon chain and 
2CH
n denotes the total 





and CTAB surfactants are calculated as 1.674 nm and 2.182 nm respectively. 
Compared to the subtraction results of inter-spacing of GO-DTAB-0 and GO-
CTAB-0 for 1.145 nm and 1.273 nm by original spacing 0.701 nm, the 
estimated chain lengths of surfactants are much larger. It indicates that the 
assembly of surfactants between GO is likely the monolayer lying surfactants. 
DTAB and CTAB have been intercalated between GO nanosheets by stacking 




Figure 5.4 Schematic presentation of surfactant molecular chain aligned on GO nanosheet. 
 
Assuming that monolayer surfactants were adsorbed on GO nanosheets, 
the lying angle of surfactants could be calculated. Since the sample 
precipitates stack by two surfactant-modified GO nanosheet, the interplanar 
spacing from XRD results should be divided by 2 for the vertical height of the 
surfactant chain. As a result, 7.62° and 7.53° are calculated as the tilted angles 
of respective surfactants. It is interesting to observe that the angles are almost 
equal for the two similar surfactants in the condition, which partially suggests 
that the curvature of surfactant assembly on GO nanosheet interface is not 
affected by the hydrocarbon chain length of surfactants and only determined 
by the concentration of surfactants in the range below cmc. Besides, the low 





charged edge of GO nanosheet. Additionally, the hydrophobic basal plane of 
GO nanosheet can drive the minimization of contact area with water. Hence, 
surfactants intend to cover the hydrophobic area of GO basal plane with lying-
down molecular chain.  
 
5.2.1.2 AFM analyses of CTAB-modified GO nanosheet 
The periodic structure of CTAB on the GO nanosheet was imaged 
using AFM at ambient conditions. AFM in tapping mode could provide more 
information about the stepping height of molecular layers on GO nanosheet 
compared to SEM imaging. The sharp tip of AFM is dragged across the 
sample surface and the change in the vertical position reflects the topography 
of the measured surface. One of the key advantages for AFM is to use a 
delicate force which is insufficient to displace the surfactant but has sufficient 
gradient, stability and proximity to discriminate surface structures with less 
influence of external force. AFM image is observed for CTAB-modified GO 
nanosheets in Figure 5.5, which shows that CTAB self-assembles into 2D 
lamellar structure with two sorts of domains in different orientations, which is 
consistent with reported literature (Wu, Tang et al. 2008). Distinguishable 
polarity leads to the different CTAB molecular arrangements on the basal 
plane and edge of GO nanosheet. Due to the in-house roughness of GO 
nanosheet (Chen, Yang et al. 2009) and greater value for the lower surfactant 
concentrations with more difficulty in imaging aggregates, the error bars of 
experimental measurement are not shown and all the discussed data are 
approximate figures aiming to infer the mechanism of surfactant assembly on 





surfactants could be clearly observed and highlighted in the green box. Along 
with XRD results in Figure 5.3, which gives the small inter-spacing of 
surfactant-modified GO nanosheet in the corresponding concentration, the 
existence of lamellar structure could be confirmed.  
   
 
Figure 5.5 Tapping-mode AFM images of GO-CTAB-0 sample on silicon substrate. 
 
On the right-hand side of Figure 5.5, it shows that the vertical step 
height marked with red triangles is about 2.719 nm, which is 0.537 nm larger 
than the estimated CTAB chain length 2.182 nm. Compared to 0.286 nm 
increased height of exfoliation by CTAB intercalation, the measured vertical 
step height seems to be hardly explained by the model of simply lamellar 
structure. It is observed that the morphology of this area highlighted inside the 
red-dot box on the left-hand side of Figure 5.5 show the higher curvature of 
assembly than the area inside the green-dot box. Hence, it suggested that 





CTAB-0 by assembly on the top of them due to hydrophobicity property. 
Subtracted by the height of hemicylinder almost equal to the estimated CTAB 
chain length, the vertical step height attributed to lamellar structure relaxed a 
little bit in the complex structure due to the screening effect of the capping 
hemicylinder structure and hydrophobic interaction between the hydrocarbon 
chains of surfacants. The capping hemicylinder structure schematically shown 
in Figure 5.6 associates on the top of lamellar layer to minimize contact area 
between water and hydrocarbon tails, which is consistent with the reported 
observations (Lamont and Ducker 1998). By introducing a higher 
concentration of cationic surfactants, the density of anions on GO nanosheet 
would be reduced, leading to the increased spacing for surfactant headgroups 
with less confinement by the GO nanosheets. 
 
Figure 5.6 Schematic presentation of surfactant assembly in complex structure on GO 
nanosheet. 
 
5.2.2 Structural study of DTAB-modified GO nanosheet 
Assuming that DTAB consistently formed lamellar structures on both 
sides of GO nanosheet for surfactant concentrations under cmc, higher DTAB 
concentration results in larger coverage of DTAB layer on GO nanosheets. To 





dipping silicon wafer into continuous stirring mixture of DTAB and GO for 
equilibrium. 
Initial estimation on the usage of DTAB is expected to meet the 
condition of fully-covered GO nanosheets with monolayer assembly of 
surfactants with additional assumptions. Firstly, specific surface area of GO 
per unit of volume is considered to be equal to that of graphene. Also, 
surfactants are assumed to be tightly aligned on GO nanosheets vertically. It 
has been reported that head group area of DTAB to be 28.9 angstrom2 (Kwon 
2008). GO nanosheet is ideally in few-layer state and well-dispersed in the 
aqueous solution (0.25 mg mL-1).  
Based on those assumptions, the weight ratio of GO to DTAB is 1:4.38 
if surfactants were fully absorbed on GO nanosheet surface tightly by 
monolayer structure. DTAB-added GO solutions were prepared with the serial 
concentrations around cmc (4.35 mg mL-1). A series of DTAB concentrations 
were chosen with 4.5 mg mL-1 (GO-DTAB-1), 2.5 mg mL-1 (GO-DTAB-2), 
1.1 mg mL-1 (GO-DTAB-3), 0.5 mg mL-1 (GO-DTAB-4), 0.1 mg mL-1 (GO-
DTAB-5). 
 
5.2.2.1 AFM analyses 
As AFM images of GO-DTAB-1, the only sample with DTAB above 
cmc, scanned in 5μm×5μm area shown in Figure 5.7, it is observed that the 
morphology of surfactant assembly in large area is dominated by coexisting 
swollen cylinder or hemicylinder, and lamellar structure on the GO nanosheet, 
which agrees that DTAB is a cylinder-forming surfactant on negatively 





the aggregate structures at interfaces are not yet fully understood, surfactants 
assemble for the same reason of reducing interaction energy between the water 
and hydrocarbon tails. Zoom-in of 1μm×1μm area for GO-DTAB-1, showing 
a lot of swollen micelle structures on GO nanosheets with periodic fluctuation 
of vertical height (Carswell, O'Rear et al. 2003). From the vertical height 
variance along the line, surfactant assembly behavior matches the shape 
prediction of surfactant aggregates at interfaces of GO nanosheets.  
   
 
Figure 5.7 Tapping-mode AFM images of GO-DTAB-1 in different scanning scales. 
 
Aiming to monitor whether the aggregate shape transition occurs 
among lamellar structures, ordered long cynlinder, disordered cylinder and 
short cylinders by increasing the surfactant concentrations, AFM imaging was 
conducted on a series of DTAB-modified GO nanosheets, which are shown in 







   
   
      
      
Figure 5.8 Tapping-mode AFM images of a series of DTAB-modified GO nanosheets on 
silicon substrates. 
 
Table 5.1 Vertical heights of a series of DTAB-modified GO nanosheets on silicon substrates. 
Sample No. Vertical step height (nm) 
GO-DTAB-2 8.9 ~ 10.5 
GO-DTAB-3 4.9 ~ 6.1 
GO-DTAB-4 2.7 ~ 3.7 









All the aggregates formed at the interfaces of GO nanosheets below 
cmc appear to be non-uniform in spacing and morphological appearance 
across the surface, which indicates the more complicated mechanism of 
surfactant assembly compared to that of the case above cmc. Combining the 
experimental results of vertical step heights in Table 5.1 and observed 
assembly morphologies in Figure 5.8, it is reasonably assumed that DTAB 
could form swollen-micelle structure on the top of lamellar surfactant 
assembly on GO nanosheets with less roughness at a certain range of 
surfactant concentrations below cmc. As shown, sample of GO-DTAB-4, 
which is comparatively close to the concentration used in the previous study 
for GO-CTAB-0, meet the requirement to achieve the hemicylinder-lamella 
complex structure. 
Starting from the very low concentration of surfactant, the formation of 
lamellar surfactant assembly almost parallel to the interface results in the 
small vertical distance for GO-DTAB-5. While increasing the concentration, 
the interaction of hydrophobic tail of surfactant boosts the standing-up of 
surfactant molecules by increasing the vertical distance until the maximum of 
estimated surfactant chain length. At GO-DTAB-4, the step distance, doubling 
the estimated surfactant chain length, is likely to be resulted from the formed 
hemicylinder-lamella complex structure. Moving on to increase the vertical 
step height of surfactant assembly for GO-DTAB-3, it might indicate the 
formation of a hierarchical structure by stacking a positively charged GO 
nanosheet modified by swollen hemicylinder-lamella complex micelles on a 
negatively charged GO nanosheet partially modified by monolayer lamellar 





GO-DTAB-2, freely non-adsorbing micelle could be formed to drive the 
depletion attraction between two like charged surfactant-modified GO 
nanosheets for steeply increasing vertical step height, which will be confirmed 
by UV-Visible spectra later. 
It elucidates the transition of surfactant assembly from lamellar 
structure to hemicylinder-lamellar complex structure. From the results 
obtained from AFM, it increases the vertical height by constant steps while 
increasing surfactant concentration. Due to the soft property and relaxation of 
surfactant chain, some difference is possible since the surfactant chains in 
practice are not uniformly tilted in certain angles but depends on the 
surrounding interaction force at specific positions. A trend also plays a role 
with packing an appropriate amount of hydrocarbon within the surface area of 
the head groups with hydrocarbon segment aggregate inside the shell 
composed of headgroups. While increasing the surfactant concentration, the 
effect may dominate, leading to more curved structures (Wanless and Ducker 
1996). 
In Figure 5.8, it is observed that the curvature for GO-DTAB-2 
decreases in some regions compared to that of samples in lower concentrations, 
which is somehow in confliction with our previous statement. It may be 
explained that, as the transition from lamella to hemicylinder-lamella complex, 
the packing density increases, which is possible to induce surfactant assembly 
in swollen hemicylinder with relatively flat platform on the top. It should also 
be noted that the flat curve may come from this situation along the orientation 





Also, from the vertical height profiles in Table 5.1, it is observed that 
the height variance of GO-DTAB-2 and GO-DTAB-5 are much smaller than 
those of GO-DTAB-1, GO-DTAB-3 and GO-DTAB-4. It may be attributed to 
the transitional structures of surfactant assembly below cmc with nearly 
parallel lied surfactant molecules in the case of GO-DTAB-5 and most fully 
covered swollen hemcylinder-lamella surfactant assembly complex in the case 
of GO-DTAB-2. Compared to XRD patterning, AFM can image the imperfect 
surfactant assembly structures. Figure 5.9 represents the surfactant assembly 
behavior in the process. 
 
Figure 5.9 Schematic presentation of DTAB-modified GO nanosheets at different 
concentrations below cmc. 
 
5.2.2.2 XRD analyses 
To confirm the surfactant assembly structure intercalation at the 
interface of GO nanosheets, XRD patterns of the selected samples were 
depicted in Figure 5.10, exhibiting the structural effect of intercalants for 
pristine exfoliated GO nanosheets. Broadening and moving of diffraction 
peaks demonstrate the morphological transition while increasing the surfactant 





DTAB-5, randomly tilted lamellar surfactant layers destroy the crystalline 
structure, leading to the disappearance of characteristic sharp peak for 
exfoliated GO. The broadening Bragg peak on the right side for the 
intercalated samples corresponds to surfactant assembly structures. While 
increasing concentration of surfactant, surfactant assembly at the interface 
transits from randomly distributed lamellas to swollen hemicylinder-lamelle 
complex and gives an extra distinguishable Bragg for XRD pattern of GO-
DTAB-3 compared to that of GO-DTAB-5. It indicates that layered structures 
of exfoliated GO nanosheet corresponding to {001} X-ray reflection have 
been reconstructed with the amount of surfactants in the sample of GO-
DTAB-3. For GO-DTAB-1, XRD pattern indicates the coexistence of several 
intercalated surfactant assembly structures with dynamic equilibrium among 
them.  





















5.2.2.3 FT-IR spectra 
Samples of a series of DTAB-modified GO were dried and ready for 
FT-IR measurement. As shown in Figure 5.11, several distinguishable 
vibrational modes of various types of oxygen functionalities can be readily 
identified. Corresponding analysis shows epoxides C-O-C (1280~1320, 1220, 
and 850 cm-1), edge carboxyl groups COOH (1650~1750 cm-1 with C-OH 
modes at ca. 3000~3700 cm-1), carbonyls C=O and O-C=O (1750~1850 and 
1500~1750 cm-1), basal plane hydroxyls and phenols (edge hydroxyls) C-OH 
(3000~3700 cm-1), and asymmetric vibrational stretching of sp2-hybridized 
C=C (1500~1600 cm-1). By scaling the absolute intensities with the amount of 
materials on the substrate, all the oxygen functionalities is consistent with all 
multi- or single-layer GO (Acik, Mattevi et al. 2010). The extra peaks at 
2750~3000 cm-1 are corresponded to ammonium salt part of DTAB, which 
disappeared in the spectrum for the sample of GO. Hence, physisorbed DTAB 








































Figure 5.11 FT-IR analyses of GO and DTAB-modified GO samples, GO-DTAB-1, GO-
DTAB-3 and GO-DTAB-5. 
 
5.2.2.4 UV-Visible spectra 
We intended to quantitatively estimate the amount of intercalated 
surfactant into GO by subtracting surfactants in the supernate from the total 
amount of added surfactants after the centrifugation of samples at a low speed, 
where the concentration of surfactants in aqueous media could be measured by 
UV-Visible characterization in Figure 5.12. GO absorption peak appears at 
around 240 nm, which is attributed to the transition from bonding orbital π to 
the anti-bonding orbital π* in C=C double bond. Another absorption peak at 
about 290~300 nm corresponds to the orbital transition in C=O double bond 
(Ding, Liu et al. 2012). However, it is found that the concentration of 
surfactant in the supernate is difficult to accurately configure due to the 





For GO-DTAB-5, there are residual GO nanosheets in the supernate 
evidenced by the broadening adsorption peak at round 240 nm. But for GO-
DTAB-1 and GO-DTAB-3, it is observed that the absorption peaks of GO 
disappear, which indicates that almost all the GO nanosheets have become 
precipitates with physisorbed DTAB surfactant assembly. 















Figure 5.12 UV-Visible spectra of supernates from centrifugation of GO and DTAB-modified 
GO samples, GO-DTAB-1, GO-DTAB-3 and GO-DTAB-5, in aqueous media. 
 
It is suggested that, in a higher surfactant concentration region, the 
formed swollen-micelle in GO-DTAB-3 (seen in Figure 5.9) and GO-DTAB-1 
acts as the super-cation to induce coagulation. Meanwhile, the surface charges 
of GO nanosheets have been neutralized to weaken the intermolecular 
electrostatic repulsion, leading to colloidal aggregation. Details will be given 
later in the discussion of surface charge modification by cationic surfactant. 





steric stabilization, the strength and range of the intermolecular interaction 
between colloids could be tuned by the amount of free and non-adsorbing 
surfactant micelles, which would be excluded from the depletion zone of 
surfactant-modified GO nanosheet, in the colloidal dispersion of GO 
nanosheets. When GO nanosheets are moving closer to each other, the total 
space accessible to surfactant micelles will increase by overlapping the 
depletion zones, leading to an effective attraction called depletion force. The 
range of the attraction is directly related to the radius of micelle or swollen-
micelle, whereas the strength is proportional to the osmotic pressure of the 
colloids. 
 
5.2.3 Surface charge of DTAB-modified GO nanosheet 
A series of samples were characterized by Malven instrumental 
analyzer for zeta potential measurement (in Figure 5.13). It is apparently 
observed that the zeta potential reverses from negative to positive by 
increasing surfactant concentration. Regarding to the stability, GO-DTAB-3 is 





































Figure 5.13 Zeta potentials of a series of DTAB-modified GO samples from GO-DTAB-1 to 
GO-DTAB-5 as a function of solution pH values. 
 
Assuming that the zeta potential of DTAB-modified GO nanosheet at 
any pH point could be determined by the linearization of the two closest 
experimental points in Figure 5.13, zeta potentials of samples in aqueous 
media were summarized in Table 5.2 and Figure 5.14 for selected points (pH = 
3, 4 and 5). 
 
Table 5.2 Zeta potentials (mV) of a series of DTAB-modified GO samples in different pH 
values. 
pH=3 pH=4 pH=5 
GO-DTAB-1 58.0 53.5 48.0 
GO-DTAB-2 24.0 21.5 20.0 
GO-DTAB-3 8.0 3.9 5.0 
GO-DTAB-4 -5.0 -10.5 -13.0 
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Concentration (mg mL-1)  
Figure 5.14 Graphic zeta potentials of a series of DTAB-modified GO samples in pH = 3, 4 
and 5 as a function of added DTAB concentration. 
 
Based on the charge balance, the surface charge density of GO 
nanosheets could be evaluated from the charge density in the diffuse layer for 
Gouy-Chapman-Stern model as equation (5.2): 
                                                                     d                                                             (5.2) 
Surface charge density in the diffuse layer σd could be calculated by:   
                          
 
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  is obtained. Hence, the gradient of 
potential energy at the interface should be established. Without the Debye-
Huckel approximation for the condition of small zeta potentials, Possion-
Boltzmann equation could be solved completely from equation (4.2) in 
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Multiply the both sides by 
dx
xd )(2  : 
















               (5.5) 
Integrate both sides of equation (5.5) for x to obtain:  












              (5.6) 
Since   Caxaaxdx cosh1sinh , an expression is obtained here: 
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Combined with the boundary condition 0)( x  and 0)( 
dx
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                        (5.10) 
With the equation (5.10), we could calculate the surface charge density if the 






Table 5.3 Surface charge density (10-4 C m-2) of a series of DTAB-modified GO samples in 
different pH values. 
 pH=3 pH=4 pH=5 
GO-DTAB-1 51.5 14.6 4.0 
GO-DTAB-2 18.0 5.1 1.5 
GO-DTAB-3 5.8 0.9 0.4 
GO-DTAB-4 -3.6 -2.4 -1.0 
GO-DTAB-5 -27.3 -9.2 -3.4 
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Figure 5.15 Graphic surface charge densities of a series of DTAB-modified GO samples in pH 
= 3, 4 and 5 as a function of added DTAB concentration. 
 
As shown in Figure 5.15, it is of great interest that the variance of 
surface charge density for GO nanosheet is more sensitive in a higher ionic 
strength by increasing DTAB concentration, indicating that increased rival 
ions from electrolyte screen the electrostatic interaction between surfactant 
headgroups and drives formation of transformed surfactant swollen-micelles 





nanosheets, leading to the faster neutralization. It reveals that the curvature of 
surfactant assembly could be altered by ionic strength to tune surface charge 
density of GO nanosheet. 
The adsorption isotherm for cationic surfactants at an oppositely 
charged oxide surface is suggested in this way. When surfactant concentration 
is far below cmc, adsorption is due to the ion exchange of individual 
surfactants until the neutralization of surface charge on the GO nanosheet. 
While further increasing the concentration below cmc, association of 
hydrophobic tails of the adsorbing and adsorbed surfactants results in a 
significant increase of adsorption. It is also noted that the surface charge 
would be reversed. After concentration above cmc, adsorption reaches the 
maximum value and the adsorbed layer is saturated.  
 
5.3 Adsorbate phase structure of PPy-intercalated graphene: A 
molecular simulation study 
5.3.1 Introduction 
The foregoing study reveals the mechanisms to control the 
confinement and nanostructure of electro-active conducting polymers 
intercalated between GO nanosheet support by Langmuir assembly or 
surfactant assembly, which leads to changing the density of intercalated 
polymers. Aiming to forecast the effect of electroactive conducting polymer 
density on adsorption of ions for electrical double layer capacitance, a rough 
but representative model is used to study the effect of the in-wall charged 
polymer on the structure of the adsorbate phase confined in a slit-shaped pore. 





induced by reversibly transforming between oxidized and neutral states of 
electro-active PPy in alkaline or acid solutions should be excluded in this 
simulation work since the current work focuses on studying the structural 
effect with regarding to EDL capacitance. 
 
5.3.2 Modeling and simulation details 
In this reference model, the opposing wall on each side is made of 
three layers of graphene sheet as shown on Figure 5.16(a). The dimension of 
graphene sheet is set as 6.8 nm by 6.8 nm. The dimension of the simulation 
box is 13.6 nm by 13.6 nm, so that there is a “bulk phase” connecting with the 
pore area. The interlayer spacing (d002) between the graphene sheets is 0.335 
nm and the areal number density of carbon atoms within a graphene sheet is 
38.19 nm-2 (Steele 1973). The pore width H (defined as the distance between 
the centers of mass of innermost graphene layers on the opposing wall 
surfaces) is set to be 2.2 nm, and thus the “accessible pore width” (the area 
where the center of mass of adsorbate atoms can reach) is approximately 1.9 
nm. To study the effect of the charged polymer, the carbon atoms in the 
central layer of graphene sheet on each side is replaced by the charged 
polymer at various densities. The charged polymer is of a chain structure, as 
shown in Figure 5.17(a). The polymer chain is about 0.6 nm wide with a 
length equal to the length of the wall (graphene sheet). Various numbers of the 
polymer chains (n = 0, 1, 2, …, 10 chains) are placed in the central wall layer 
so as to study the density effect of the charged polymer (as shown in Figures 






Figure 5.16 Schematic representation of pore models with (a) graphene (pure carbon) walls 
and (b) graphene with charged polymers embedded in the central layer of the walls. Light blue 
circles represent carbon atoms, while dark blue circles represent polymer chains align normal 
to the plane of the paper (here part (b) is an example of n = 6, i.e., six polymer chains, 







Figure 5.17 (a) The structure of the charged polymer with geometrical and charge information 
(Fonner, Schmidt et al. 2010) and the 2D schematic representations of (b) the spatial 
occupation of a polymer chain and (c) how the polymer chains are paved and substitute the 
carbon atoms of the central layer of graphene walls. 
 
The canonical ensemble Monte Carlo (CEMC) method is used to 
simulate the NaCl ionic fluid confined in the slit-shaped pore with various 
contents of the charged polymer. In the canonical ensemble (or NVT-
ensemble), the number (and also the type) of the particles, the volume of the 
system (or the simulation box), and the temperature of the fluid are kept 
constants over the whole simulation. Therefore, during the simulation, there 
will be no addition or deletion of any particle (constant N), but fluid particles 
(i.e., Na+ or Cl-) can be moved to a random position (translational movement), 
and then a comparison between the internal energy of the new system (Un) and 





accepted (the new system is used to replace the old system, or the system is 
“evolved”) or rejected (the old system is kept and the system remains). The 
acceptance probability can be calculated according to  Pacc = min{1, exp[-(Un-
U0)/(kBT)]}, so that the system is intrinsically kept at the temperature T (with 
internal energy following a Boltzmann distribution) (M.P. Allen 1987). In this 
study, the temperature is kept at 300 K. The fluid ions Na+ and Cl- were 
initially arranged in the simulation box (but without overlap of the walls) with 
a NaCl cubic structure at a lattice parameter of 0.6 nm. This structure is much 
less close-packed as NaCl crystal whose lattice parameter is approximately 
0.24 nm, because it is assumed that the ions are relatively free to move in the 
system, rather than a rigid crystal structure. 
The fluid ions are then allowed to move with the constraints of the 
inter-particle potential energy under CEMC frame. The potential energy 
between ionic particles is modeled as Lennard-Jones (LJ) dispersion model: 
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                            (5.11) 
where rij is the distance between ions i and j, σij (van de Waals interactive 
radius) and εij (maximum potential well depth) are the LJ parameters of Na-Na, 
Cl-Cl and Na-Cl interaction, which values are taken from (Koneshan, Rasaiah 
et al. 1998). The coulomb interactions between fluid ions (Na+ and Cl- and 
cross) are neglected in order to avoid aggregation into NaCl crystal. The 
interaction between wall atoms and an ion is composed of a LJ dispersion term 
and a coulombic term: 
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where riw is the distance between ion i and any specific wall atom w, σiw and 
εiw are the LJ parameters (cross term between an ion i and a wall atom w, of 
Na-Na, Cl-Cl and Na-Cl interaction, which values are taken from Koneshan’s 
publication (Koneshan, Rasaiah et al. 1998), kcoul is the well-known 
Coulomb’s constant with a value of 8.9876×109 N m2 C−2, qi and qw are the 
charges of the specific ion and wall atoms (carbon atoms in graphene is 
considered to be of no charge, while the charges of the atoms in the polymer 
are taken from literature (Fonner, Schmidt et al. 2010) as shown in Figure 
5.17(a)).  
For each model (slit-shaped pore with various numbers of polymer 
chains embedded in the central layer of each opposing wall), the ions are 
allowed for 1.2×108 attempts of trial moves. Properties are calculated after 
every 3×107 attempts to check whether the system reaches the equilibrium 
state. The in-pore ion densities in models with various numbers of polymer 
chain is shown in Figure 5.17. It can be seen that the in-pore densities sampled 
at 6×107, 9×107, and 1.2×108 attempts are almost the same, whereas that 
sampled at 3×107 attempts appreciably deviates from them, indicating that 
after 6×107 Monte Carlo moves, the system reaches the equilibrium state, and 
thus the properties sampled after these moves should be representative of 
those at equilibrium.  
 
5.3.3 Results and discussion 
In Figure 5.18, there is a significant jump in the ion density as the 
charged polymer chains are embedded in the pore walls (~ 9.5 mol L-1, 





dramatic increase in the adsorption capacity is probably due to the charge-
charge attraction between the atoms in the polymer chain and the ions, 
resulting in that the ions tend to be arranged on the charged sites of the wall 
surface, and then attract other ions to aggregate around them by the van de 
Waals interaction (LJ potential) within the pore, so that more ions are arranged 
in the pore (see Figure 5.19(b)) compared with the pore with neutral walls, 
where the ions are arranged somewhat randomly in the whole space, moving 
like normal LJ fluid, suggesting that the graphene walls do not significantly 
attract the ions (see Figure 5.19(a)). 
 
Figure 5.18 In-pore density of NaCl ions in the pore v.s. the number of polymer chains 







Figure 5.19 The snapshots (topview from the xy-plane) of ions in the simulation box for the 
pores with various number of charged polymer chains (n = 0, 2, 4, 6, 8, 10) embedded in the 
opposing walls. All snapshots are captured after 9×107 Monte Carlo attempts. The light blue 
circles represent Cl- ions, while the dark blue circles represent Na+, and the centered blue box 
represents the pore region. 
 
Interestingly, the ion density is not a monotonous function of number 
of polymer chains embedded in the walls, as shown in Figure 5.18. To study 
the intrinsic relationship between the ion density and the content of polymer 
chains in the wall, the snapshots (visualizing the configuration of ions 
structure) and the radial distribution functions (g(r), quantifying the 
configuration of ions) are shown in Figures 5.19 and 5.20, for the graphene 
walls with 0, 2, 4, 6, 8, 10 polymer chains. The radial distribution function g(r) 
is a measure of the probability of finding a particle at a distance of r away 
from a given reference particle (thus easy to be calculated through the 
simulation), and mathematically is directly related to, via a Fourier transform, 





diffraction (M.P. Allen 1987). g(r) indicates the structure of the sampled phase, 
which is the ionic fluid confined in the walls here. 
The radial distribution function confirms that the structure of ions 
confined in the walls without polymer chain is similar to a normal LJ fluid 
(Figure 5.20, n = 0 branch, overall smooth with only one gentle peak showing 
a gas-like phase with an average separation distance of ~ 0.45 nm between 
neighboring particles). As n goes to 2 (2 polymer chains embedded in each 
opposing wall), two appreciable peaks at ~ 0.24 and ~ 0.7 nm occur, showing 
a close-packed NaCl structure. This happens for n = 2, because the charged 
sites of the wall is to attract ions with opposite charges but the charged sites 
are not dense enough, providing “free” region for other ions to aggregate 
around the attracted ions and to be closely packed. Therefore, for low polymer 
content, the charged sites of the wall induce the “nucleation” of ions 
aggregation on the wall surface, and then the aggregates grow freely as packed 
NaCl. As the polymer content increases (larger n), the charged sites get denser, 
and the structure of the confined ions is dominated by the arrangement of the 
charges in the walls. Free ions cannot aggregate around some central ions, 
because the widely spread charged sites in the walls exhibit strong attractions 
on the whole wall surface. The ions will be attracted to the sites with opposite 
charges, and these sites are so dense that other ions can hardly reach the 
interstitial region. Thus, the NaCl close-packed structure of the confined ions 
is broken as n increases, and the new structure depends on the arrangement of 
the charges in walls and the matching possibility of the ions (see Figures 5.19 
(d-f)). The structures of the ions confined in the walls with various polymer 





radial distribution function indicate different structures). In summary, the 
relationship between in-wall polymer density and adsorption capacity is not 
simply monotonous, but the mechanism is that the arrangement of the polymer 
chain, and thus the arrangement of the charged site, determines the structure of 
the confined ions, and the structure of the confined ions naturally determines 
its density, and thus the adsorption capacity as an apparent property. 
 
Figure 5.20 Radial distribution function of NaCl ions confined in the slit-shaped pores with n 
= 0, 2, 4, 6, 8, and 10 polymer chains embedded in the opposing walls, respectively. 
 
5.4 Summary 
Surfactant-directed template method provides many opportunities to 
tune the morphology and density of intercalated electro-active conducting 
polymer PPy between GO nanosheets. Cationic surfactants with similar 
molecular structures show almost the same lying angle on GO nanosheets 





Surfactant assembly was investigated by AFM to monitor the transition 
of assembly structures with different curvatures at various concentrations 
below cmc. It is found that there are co-existing assembly structures, including 
lamellar structure, hemicylinder-lamella complex structure and swollen 
micelle structure, dependent on the surfactant concentration. Non- or weakly-
adsorbing surfactant micelles freely existed in the surfactant-added GO 
aqueous system, leading to the depletion attraction between surfactant-
modified GO nanosheets, providing possibility to produce hierarchical 3D 
nanostructured polymer intercalated GO-based composite materials. 
Surfactant modification is able to tune the charge property of GO nanosheet 
for LBL assembly and the surface charge density is varied at different rates by 
adding surfactants at different electrolyte concentrations. 
The effect of electroactive conducting polymer density on the 
adsorption of Na-Cl ionic fluid confined in the slit-shaped pore was studied by 
canonical ensemble Monte Carlo simulation. It is suggested that there is an 
optimized density of PPy nanoparticles between GO nanosheets for 
maximizing adsorption of ions, which contributes to the electrochemical 




    
CHAPTER 6 




Titania (TiO2) has been intensively investigated as an efficient 
photocatalyst for various applications, such as water splitting, environmental 
photocatalysis, and photoelectrochemical devices (Fujishima, Zhang et al. 
2008; Zhang, Chen et al. 2009). Among the various crystal phases of TiO2, 
anatase has been demonstrated most photocatalytically active (Ohtani 2008; 
Prieto-Mahaney, Murakami et al. 2009). According to the Wulff construction, 
the equilibrium shape of anatase TiO2 is a truncated octahedral bipyramid with 
two {001} facets and eight {101} facets. Due to its high surface energy, {001} 
facet often vanishes during the crystal growth process although it shows 
superior photocatalytic performances (Barnard and Curtiss 2005). A 
significant breakthrough was made to retain the {001} facet by Yang et al. 
(Yang, Sun et al. 2008; Yang, Liu et al. 2009) who found that F− can 
effectively reverse the surface energy values of {101} and {001} facets, 
ensuring the subsequent preferential growth of reactive {001} facets. Later, 
various nano-/micro-sized anatase materials with exposed high-energy {001} 
and {010} facets have been synthesized and reported by using HF as a 
stabilizer for certain crystallographic planes (Amano, Prieto-Mahaney et al. 
                                                            





    
2009; Li and Xu 2010; Liu, Wang et al. 2010; Liu, Piao et al. 2010; Ma, Chen 
et al. 2010; Fang, Gong et al. 2011). A few unconventional stabilizers, such as 
poly(vinyl pyrrolidone) (Dai, Cobley et al. 2009) and amine (Wu, Guo et al. 
2008; Chen, Tan et al. 2010), have also been pursued as promising alternatives 
to corrosive fluorides. Recently, Cheng’s group has concluded that the true 
photoreactivity order of crystalline facets of anatase is 
{010}>{101}>{001}(Liu, Yu et al. 2011; Pan, Liu et al. 2011). 
Besides crystal facet control, the self-assembly of highly active anatase 
TiO2 nanobuilding block single crystals to porous, large-surface-area 
microspheres has attracted increasing attention to further improve the 
photocatalytic activity (Zheng, Huang et al. 2009; Chen, Tan et al. 2010; Liu, 
Yu et al. 2010). Hollow microspheres composed of anatase polyhedra with 
20% {001} facets was synthesized by Liu et al.(Khalid, Ahmed et al. 2013) in 
a fluoride-rich medium. Moreover, the sensitization of TiO2 to visible range 
by doping with N anions into TiO2 crystal lattices is another important 
challenge for solar energy utilizations. Although research in the synthesis of 
well-defined crystallographic facets for anatase is progressing rapidly, N-
doped TiO2 is rarely reported. Only one successful example was reported 
using Ti and N sources and hydrothermal reaction in a HF aqueous solution 
(Liu, Yang et al. 2009). This may be due to the fact that high crystallinity of 
TiO2 with well-defined facets sufficiently prohibits the incorporation of 
foreign ions. Therefore, developing green synthetic method for N-doped TiO2 





    
In this chapter, we are aiming to explore a green solvothermal method 
for preparing hierarchical N-doped TiO2 hollow microspheres (N-TiO2-HMS) 





    
6.2 Characterization of structural properties 
6.2.1 XRD analyses of N-TiO2-HMS 
The yellowish N-TiO2-HMS products were firstly examined with X-
ray diffraction (XRD), and its pattern in Figure 6.1 showed single crystal 
phase of highly crystalline phase of highly crystalline anatase. 
 
 
Figure 6.1   XRD of hierarchical N-doped TiO2 hollow microspheres. 
 
6.2.2 SEM and TEM observation 
The morphology was characterized with microscopic methods, and it is 
observed that in Figures 6.2a and 6.3a that the sample mainly consists of TiO2 
microspheres at diameters of 1.5～3.0 μm. The rough surface of microspheres 
is composed of numerous vertically oriented nanothorns with a uniform 
diameter of 15～30 nm, and a length of 40～70 nm in Figures 6.3 b and c. It 
may be noted that a few fragments of spherical shells with a proportion ～5% 




    
reactions or structural collapse during calcination. From the fragments, the 
morphology of inner shells was revealed.  
As shown in Figure 6.3d, the inner shells are comprised of similar 
nanothorns but shorter and smoother than the outers. The thickness of the 
shells was around 250 nm, which is in well agreement with closer observation 
of a broken sphere, as shown in Figures 6.2b and 6.4. Moreover, an additional 
inner sphere could be found viewing into the hollow. The inner spheres, 
similar to the outer, possess upright nanothorns on the surface. 
 
 
Figure 6.2   SEM (a, b) and TEM (c, d) images for N-TiO2-HMS with a sphere-in-sphere 
structure and upstanding nanothorns with exposed anatase {101} facets on the spherical 
surface. 
 
Therefore, there are totally three locations with nanothorns, outer and 




    
sphere-in-sphere hollow structure with nanothorns was further confirmed by 
transmission electron microscopy (TEM) measurements in Figure 6.2c, which 
shows the TEM images of nanothorns on the outer surface of N-TiO2-HMS. 
The nanothorns mostly displays truncated tips. High resolution TEM images 
in Fig. 6.2d shows the crystallic lattices of the sides of single nanothorn. The 
{101} atomic planes with a lattice spacing of 0.35 nm can be obviously 
observed, indicating that the external flat surface should be {001} facet. The 
percentage of {101} is dominant and is around 96% in the nanothorns. 
 
 
Figure 6.3   SEM images for (a) N-TiO2 HMS with a low magnification; (b) a hierachical N-
TiO2 HMS with a rough surface; (c) the arrangement of nanothorms on the surface of hollow 




    
 
 
Figure 6.4   SEM images showing the morphologies of the products obtained after 6 (a,b) and 
12 (c,d) hrs of solvothermal reaction. 
 
6.2.3 N2 adsorption/desorption 
The microstructure of the synthesized N-TiO2-HMS was further 
studiedby N2 sorption isotherms. As shown in Figure 6.5, the isotherm was of 
a typical IV-type curve with a clear H1-type hysteretic loop, characteristic of 
mesoporous materials. The Brunauer–Emmett–Teller (BET) surface area of 
the sample was 80.2 m2 g-1. The corresponding pore size distribution presents 
bimodal pore size distributions in both mesoporous and near-macroporous 
regions, which is due to the hierarchical structure with two distinct 
aggregations. The small mesopores less than 10 nm are related to fine intra-
aggregated pores formed between well-orientated nanothorns, and the large 




    





























Figure 6.5   N2 sorption isotherm and the corresponding pore size distribution (inset) 
 
6.2.4 UV-Visible spectra and XPS analyses 
Figure 6.6 shows the UV-Visible spectra of N-TiO2-HMS and a 
reference photocatalyst, Degussa P25 TiO2 (average particle size: 25 nm; 
surface area: 45 m2 g-1). Compared to P25, the absorption edge of N-TiO2-
HMS is red-shifted, which is caused by the N-doping. N-TiO2-HMS exhibits a 
much stronger adsorption in the UV-Visible range of 250 ~ 700 nm than that 
of P25. Apparently, the hollow structures associated with nanothorns array 
vertically standing at outer and inner spherical surfaces allow the light-
scattering between the the nanothorns as well as their interior hollows. 
Therefore, under light or other electromagnetic irradiations, N-TiO2-HMS 
would show improved harvesting properties. Accordingly, more charge carries 
are expected to be photogenerated to take part in the photocatalytic 




    
by X-ray photoelectron spectroscopy (XPS), its survey spectrum indicated that 
N-TiO2 HMS contains Ti, O, N and C. DETA is the only nitrogen source and 
carbon is from surface contamination. The binding energy (BE) scale was 
calibrated by measuring a C 1s peak at 284.5 eV. The high-resolution XPS 
spectrum of N 1s, shown in the inset of Figure 6.6, exhibits two bonding states. 
The main N 1s peak at 399.4 eV is contributed from the O-Ti–N bonds, 
indicating that N species are incorporated into the TiO2 crystal lattice by 
substituting O atoms. Another weak peak at 405 eV can be related to N–O 
bonds derived from N species bound to various surface oxygen sites (Jiang, 
Yang et al. 2008; Kang, Zhang et al. 2008). 
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Figure 6.6   UV-Visible diffuse reflectance spectrum and N 1s XPS spectrum (inset) for N-
TiO2-HMS. 
 
6.2.5 Formation mechanism of hollow structures 
The formation of the hollow strucutres generally undergoes a 




    
Zhang et al. 2008; Pan, Dou et al. 2010). Interestingly, we found that water 
plays a critical role in the hollowing process by promoting the TiO2 
crystallization and dissolution process. As shown in Figure 6.7, without the 
use of water, heavily aggregated TiO2 solid microspheres with nanoflakes 
were obtained. Adjusting the molar ration of H2O/Ti to 0.3 led to the 
formation of nanothorns on the surface of spheres. With the presence of 
DETA, the nanothorns or flakes possessed anatase {101} and {001} facets, 
however, the microspheres were solid, indicating the absence of dissolution 
process operative because of inadequate water in the solvothermal system. 
Further increasing the molar ration of H2O/Ti to 0.5 ~ 1.0 resulted in the 
formation of hollow structure. Especially, when H2O/Ti was 1.0, the inner 
spheres were totally dissolved. Furthermore, the nanothorns were completely 






    
 
 
Figure 6.7   SEM (a,b,d,e,g,h), TEM (inset of c,f,i) and high-resolution TEM (c, f,i) images for 
TiO2 microspheres synthesized under controlled solvothermal condition with molar ration of 
H2O/Ti of 0 (a-c), 0.3 (d-f), and 1.0 (g-i). 
 
Reaction time-dependent morphological evolution was examined to 
further clarify the formation mechanism for currently synthesized 
unconvential morphology in N-TiO2-HMS. At initial sol solution, TTIP could 
easily hybrid with DETA, and hydrolyzed with the formation of tiny hydrous 
TiO2 as nanobuilding blocks. Upon solvotheraml reaction for 6 hrs, as shown 
in Figure 6.8, solid microspheres were formed via a self-agglomeration of 
nanosized hydrous TiO2 (Pan, Zhang et al. 2008; Pan, Dou et al. 2010). The 
subsequent crystallization process will first proceed on the spherical surface 
that is fully exposed to reaction media. Since the original building blocks, 




    
etc.) and molecules (e.g. DETA, H2O), the newly formed nanocrystalline TiO2 
shell may repel these small organic groups and molecules from their surfaces 
during the crystallization and dissolution process, which weakens the linkage 
with the mother spheres. The crystallization of TiO2 generates voids by the 
structural shrinkage, allowing the water to permeate towards the core spheres 
to repeat the crystallization and dissolution process (Bian, Zhu et al. 2009). 
Therefore, the superstructure was obtained after 12 hrs reaction. However, the 
infant shells were so thin that most of them were fragmented upon calcination. 
The crystallized shells grow and thicken whereas the original solid spheres are 
gradually decrescent with further increasing the solvothermal reaction time to 
24 hrs, leading to the formation of final hollow spheres with a sphere-in-
sphere structure. Based on the water dissolution, it is not surprising that the 
inner shell and inner sphere possess a smoother surface than the outer shell, as 
demonstrated in Figures 6.2b and 6.3d.  
Apart from DETA, 2-proponal, widely recognized as an excellent 
solvent for homogeneous mixing of inorganic and organic reactants, was 
found to assist the formation and growth of nanothorns. Usually, 2-proponal 
can act as a protecting agent to induce the formation of {001} facets by 
selectively coordinating {001} surfaces of anatase, retarding the crystal 
growth along {001} direction (Yang, Liu et al. 2009; Chen, Tan et al. 2010), 
which ensures the preferential growth of {101} facets with the formation of 
nanothorns with large percentage of {001} facets. It is observed in Fig. 6.8 
that replacing 2-proponal with either ethanol or butanol only yielded 




    
 
 
Figure 6.8   SEM images for TiO2 microspheres synthesized under controlled solvothermal 
condition using ethanol (a) and butanol (b) as solvents. 
 
6.3 Photocatalytic properties 
Being able to fabricate hollow superstructures with exposed {101} 
facets and N-doping in one step is the most striking feature of the synthetic 
method developed herein. Additionally, the large accessible surface area and 
excellent light harvesting properties may provide an excellent applicability for 
efficient photocatalysis. We used methylene blue (MB) as a probe molecule to 
evaluate their photocatalytic activity. Figure 6.9 summarized the 
photocatalytic activity of various N-TiO2 spheres synthesized with different 
amounts of water after 1.5 h of visible light irradiation. The photocatalytic 
activity of microspheres was significantly improved with the introduction of 
water, indicating the hollow structures are crucial for photocatalytic activity 
since it improves the specific surface area, dispersion ability and light 
harvesting of photocatalysts. However, for the hollow spheres containing {101} 
facets but without sphere-in-sphere structure, the photocatalytic activity was 
slightly decreased. This may be due to the presence of inner spheres in N-
TiO2-HMS could improve the multiple reflections of light irradiation within 




    
(Bian, Zhu et al. 2009). Thus N-TiO2-HMS shows the highest photocatalytic 
activity among the fabricated TiO2 spheres mainly ascribed to the synergic 
effects of their large surface area, hierarchical structure favorable for light 
harvesting, and the fully crystallized {101} facets upstanding on the surface 
(Pan, Zhang et al. 2008; Pan, Dou et al. 2010). Moreover, compared to P25 
that can not be excited by visible light and only degrades dye via the 
photosensitization process (Mills and LeHunte 1997; Houas, Lachheb et al. 
2001), N-TiO2-HMS show much higher photocatalytic activity. The N doping 
narrows the bandgap of TiO2 by elevating its valence band edge. Holes and 
hydroxyl radicals can be easily generated under visible light irradiation to 


























Fig. 6.9 Photocatalytic degradation of 5 ppm MB over 1g L-1 P25 and N-doped TiO2 spheres 
with various structures synthesized by using different molar ratio of H2O/Ti. Samples are 






    
6.4 Summary 
A green solvothermal synthesis approach employing water as a 
hollowing controller and DETA as both crystal growth stabilizer and N dopant 
source is established to prepare hierarchical N-doped TiO2 hollow 
microspheres comprised of upstanding nanothorns with exposed anatase {101} 
facets. Herein, it is noted that DETA plays a dual role in the solvothermal 
synthesis system, inducing the formation of exposed nanothorns with 
dominant {101} facets and acting as N dopant source. The final hierarchical 
structure displayed a significantly improved photocatalytic activity in 
degrading dyes under visible light irradiation because of the greatly enhanced 
light harvesting property. Apparently, the current synthesis strategy offers a 
green and facile pathway to the rational construction of N-doped TiO2 with 
controllable crystal facets, which could be potentially adopted as photoactive 






CONCLUSIONS AND FUTURE WORK 
 
 Conclusions 
To summarize, the following conclusions can be drawn based on the thesis 
objectives of scope: 
Firstly, with reasonable assumptions, Gouy-Chapman-Stern model is 
used to evaluate the stability of individual systems and layering rate in 
Langmuir-Blodgett assembly by intermolecular potential energy and 
interaction force. (1) The corresponding profile of interaction potential energy 
along with pH and distance in different electrolyte types quantifies the 
stability of GO nanosheets with the energy barriers in the order of 10-4 J m-2. 
The EDL of GO nanosheets would be compressed in higher ionic strength 
with different valences of electrolyte types and ionic concentration, leading to 
steeper change in potential energy along the distance from the nanosheet. The 
profile of the highest intermolecular potential energy is divided by different 
electrolyte types with variables of pH and distance. (2) However, for PPy 
nanospheres, the potential energy barrier is higher in the electrolyte solution 
with stronger ionic strength and decreasing fast due to their low zeta potential 
and more sensitive variance compared to GO nanosheets. Without considering 
the effect of gravitational potential energy, larger size of PPy nanosphere 
seems to be more stable. (3) DLVO interaction potential energy between GO 
nanosheets and PPy nanospheres gives primary minimum and the derived 





interaction distance in LBL assembly. A medium level of ionic strength 
achieves higher layering rate while the components approaching each other. (4) 
In reality, the most possibility of intermolecular interaction force could be 
configured by normal distribution of experimental conditions centered at the 
optimized point. 
Secondly, surfactant-directed template method provides the possibility 
to tune the morphology and density of intercalated electro-active conducting 
polymer PPy between GO nanosheets. In extremely low concentration, 
cationic surfactants with different alkyl chain length show almost the same 
behavior by lying down at the interface of GO nanosheets in lamellar structure. 
Surfactant assembly was investigated by AFM to monitor the transition of 
structures with different curvatures in various concentrations below cmc. It is 
found that there are co-existing assembly structures, including monolayer 
lamellar structure, double-layer lamella and hemicylinder-lamella complex, 
dependent on the surfactant concentration. It provides the chance to produce 
hierarchical nanostructured polymer intercalated GO-based composite 
materials. Non- or weakly-adsorbing surfactant micelles freely existed in the 
surfactant-added GO aqueous system and leads to the depletion attraction 
between surfactant-modified GO nanosheets. Also, surfactant modification 
provides an opportunity to tune the charge property of GO nanosheet for LBL 
assembly and the surface charge density is varied at different rates by adding 
surfactant in the condition of different electrolyte concentrations. The effect of 
electro-active conducting polymer density on adsorption of Na-Cl ionic fluid 
confined in the slit-shaped pore was studied by canonical ensemble Monte 





between GO nanosheets exists for maximizing adsorption of ions, which is 
crucial for supercapacitor performance. 
A green and facile method was developed to synthesize visible-light-
active N-doped TiO2 microspheres with unique hollow morphology having 
upstanding nanothorns with exposed {001} facets. DETA plays a dual role in 
the solvothermal synthesis system, including the formation of exposed 
nanothorns with dominant {001} facets and acting as N dopant source. Water 
plays a critical role in the hollowing process by promoting TiO2 crystallization 
and dissolution process. Significantly improved photocatalytic degradation 
properties were displayed in N-doped TiO2 spheres with various structures 
synthesized by using different molar ratio of H2O/Ti compared to commercial 
P25. 
 
 Future work 
Based on the confinement and nanostructure studies of electroactive and 
photoactive intercalants between GO nanosheets in this thesis work, we make 
the following recommendation for future research. 
According to the research findings of modeling optimized 
experimental conditions for LBL assembly of GO nanosheet and PPy 
nanosphere in aqueous media, total internal reflection microscopy (TIRM) 
could be used to quantitatively measure the mean interaction potential energy 
between a single colloidal particle and a flat plate for validation of our models, 
complemented with studying in situ sequential growth of LBL assembled 
multilayer thin-films by UV-Visible absorption spectrophotometry and 





electrochemical performance. Design of experiments (DoE) could be applied 
to screen the most significant factors of experimental conditions for further 
mathematical analyses. 
As the fundamental building blocks for self-assembly, cationic 
surfactant assembly structures below cmc on GO nanosheets has been 
explored for potential hierarchical structured template. The effect of packing 
density of electro-active intercalants determined by template structures has 
also been studied by canonical ensemble Monte Carlo simulation. However, 
the adsorption isotherm of surfactants could be better described with the 
capability of in situ analyzing the surfactant surface access concentration 
(Velegol, Fleming et al. 2000) on GO nanosheet in aqueous media. Adsorption 
kinetics could also be studies in different electrolytes. Besides the polymer 
intercalants, metal oxides with specific electro- and photo-active properties 
can self-assemble with the surfactant as intercalants between GO nanosheets 
to obtain porous metal oxide-GO nanocomposites (Wang, Kou et al. 2010). 
Mixed cationic-anionic templating could be another direction to provide new 
assembly structures intercalated into GO nanosheets. 
Last but not least, considering the enhanced light harvesting property 
and continuous hierarchical nanostructures, it is desired to intercalate as-
prepared N-doped TiO2 microsphere with unique hollow morphology into GO 
support by Langmuir-Blodgett assembly and evaluate its photoelectrochemical 
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SILICA-INTERCALATED GRAPHENE OXIDE  




Besides the exploration of different nanostructures of individual 
surfactant assembly at the solid-liquid interface, mixed cationic-anionic 
surfactants templating is developed as an effective route to synthesize 
hierarchically mesoporous template with enhanced hydrothermal stability 
(Chen, Song et al. 1999) and excellent adsorption properties (Zhu and Chen 
2000). Due to strong electrostatic interaction between the oppositely charged 
headgroups of the mixed surfactants, the average effective headgroup area is 
significantly decreased with the hydrophobic volume of the tails remains in 
the same level (Scheuing and Weers 1990). From the view of packing model 
of surfactants, the average packing parameter of the mixed surfactants is 
comparably larger than that of each individual surfactant, leading to the 
decreased average curvature. Headgroup pairing of two single-chain ionic 
surfactants yields a pseudo-double-tailed catanionic like zwitterionic 
surfactant, which prefers to form vesicle-like structure. Meanwhile, the critical 
aggregation concentration (CAC) is mainly determined by the balance 
between headgroup repulsion and attraction of the tails. In the case of mixed 
cationic-anionic surfactants formed on the charged surface, the neutralization 
of charge polarization leads to the significant decrease of CAC. Templating 




nanostructure of mixed surfactants can be tuned by varying the surfactants 
with different hydrophobic interaction of tail groups and charged headgroups, 
as well as the matching ratio of the mixture. 
Mao and co-workers (Mao, Li et al. 2010) previously reported a novel 
one-step synthesis route to prepare ordered mesoporous silica-pillared clay 
with cationic-anionic mixed-gallery templates. Surfactants act as micelle-like 
templates for pore formation. Due to the synergistic effect of cationic 
surfactant and anionic surfactant, pore size could be controlled by pairing 
cationic and anionic surfactants. Finally, mesoporous and microporous silica-
pillared clays are successfully produced by different surfactant pairs. Cationic 
and anionic mixed surfactants are chosen to control the pore size distribution. 
Here we have some preliminary work to investigate the feasibility of 
producing pillared graphene-based nanomaterials for energy storage. 
 
A1.2 Design of fabrication process 
Association of cationic surfactant with anionic surfactant could 
decrease the effective area of head group of single surfactant. According to the 
surfactant packing parameter, it increases the packing parameter and leads to 
more expanded assembly structure. Under the co-effects of van der Waals 
force between hydrocarbon chains and electrostatic attraction between 
quaternary ammonium ion and sulfate ion, hydrocarbon chains of anionic 
surfactant do not penetrate into the micelle core. Instead, a thick palisade layer 
is formed on the hydrophobic-hydrophilic portion of the micelles, which leads 
to the further increase of volume of the surfactant chain (Chen, Huang et al. 
1997). It demonstrated that the mixed surfactants system could facilitate the 




formation of micelle and increase the activity of cationic surfactant in aqueous 
solution. It is found that the resulted inorganic silica template directed by 
mixed surfactant shows improved hydrothermal stability, thicker and less 
strained pore walls and larger unit cell (Chen, Song et al. 1999).  Herein, it is 
designed to prepare ordered silica-pillared GO layer structure template by 
cationic-anionic mixed surfactants in the following schematic process. 
 
Figure A1.1 Schematic presentation of preparing silica-pillared GO template by cationic-
anionic mixed surfactant. 
 
A1.3 Experimental section 
GO aqueous solution (2 mg mL-1) was treated and exfoliated in an 
ultrasonicator (frequency 40 kHz) for 30 mins. High-speed centrifugation 
(5000 rpm, 20 mins) was applied to remove impurities, which resulted in a 
slightly precipitation. C12DMBACl and SDS were dissolved in ethanol. Then 
TEOS was added and the mixture was stirred for 30 mins until a clear solution 
was observed. The prepared solution was added into the GO dispersion (molar 




ratio of GO/ C12DMBACl/SDS/TEOS/ethanol/DI water is 1:2:0.4:30:1.2:250), 
and then stirred for another 30 mins. pH value of the solution was adjusted to 
10 by ammonia solution. Then the solution was heated at 353 K for a short 
period, leading to rapid formation of a smooth and condensed thin film at the 
liquid/air interface on the substrates. The collected thin films were calcinated 
at 600 °C for 3 hrs by increasing the temperature at 10 °C  min-1). 
 
A1.4 XRD analyses 
XRD patterns of a few samples, including as-prepared GO, GO-Si 
before calcination, and GO-Si after calcination, are shown in Figure A1.2. 
Calcination was operated to remove the surfactants. Compared to the 
obviously recognized sharp diffraction peak for GO, it is observed that the 
diffraction peaks shift to larger diffraction angles and their peak widths are 
significantly broadened, indicating the success of silica intercalation. XRD 
patterns for silica-intercalated GO composites could not be distinguished 
before and after calcination, which partially demonstrates that calcination does 
not damage the silica template structures. 


















Figure A1.2 XRD analyses of GO, and silica-intercalated GO samples before and after 
calcinations. 
 
A1.5 SEM observation 
Few-layer GO nanosheet intercalated with mixed surfactants to form 
silica template could be transferred onto substrates at the interface between air 
and water. The water evaporation further drives the accumulation of 
nanosheets at the interface. After a certain time period for crystallization and 
calcination, the films with the final products were imaged by SEM in Figure 
A1.3. Compared to the reported structure (Mao, Li et al. 2010), pillaring 
structure is probably achieved. 






Figure A1.3 SEM for silica-intercalated GO and literature reported silica-pillared clay. 
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POLYPYRROLE DISTRIBUTION ON GRAPHENE OXIDE 
 
A2.1 Preliminary analysis 
After spreading out GO nanosheet on PDDA-coated substrate, PPy 
layer is coated by LBL assembly. Due to the electrostatic interaction with the 
base layer, distribution of PPy nanospheres in subsequent layer deposition is 
dependent on the allocation of GO nanosheets in last step. 
However, the ambiguous chemical structure of GO has been debated 
since years ago, which is related to charge distribution on the two-dimension 
(2D) surface of GO nanosheets (Dreyer, Park et al. 2010). It is necessary to 
conduct chemical identification of both active and reactive sites for GO 
nanosheet by the carbon oxygen reaction (Laine, Vastola et al. 1963; Walker, 
Taylor et al. 1991). The research delivers the finding that reaction only occurs 
on the edges of GO nanosheet. Both flat and curved surfaces co-exist in the 
chemical nature of GO nanosheet. Historically, Hofmann and Holst proposed 
the structure with the feature of epoxy groups spreading over the basal planes 
of exfoliated graphite nanosheets. Ruess introduced hydroxyl groups into the 
basal plane. Besides sp2 hybridized model by Hofmann and Holst, Ruess 
elucidated a sp3 hybridized system. Later, Scholz and Boehm described a 
model with regular quinoidal species in a corrugated backbone by 
disappearing the epoxide and ether groups. Also, Nakajima and Matsuo 
assumed that a lattice framework constructed the same as poly(dicarbon 
monofluoride). Over in all, the most recognized and well-known model is 




proposed by Lerf and Klinowski, which described the COOH edges of GO 
nanosheet in Figure A2.1 (Lerf, He et al. 1998; Dreyer, Park et al. 2010).The 
previous scientists mostly made use of chemical reaction methods to identify 
the structural features from the reactivity information. Based on preliminary 
work on the LBL assembly in this thesis, it may provide a physical method to 
interpret structure of GO nanosheets. The typical morphology of the LBL 
sample is shown in Figure A2.2 with different magnifications of FESEM. It is 
observed that PPy nanospheres dispersed across the GO nanosheet and stacked 
in a higher density along the edges of GO nanosheets. It is suggested that the 
PPy nanospheres distribute in this way possibly due to the charge distribution 
on GO nanosheet determined by its chemical structure.  
 
Figure A2.1 Molecular structure model of GO (Lerf, He et al. 1998). 







Figure A2.2 FESEM images (A-C) of GO and PPy on PDDA-treated substrate by LBL 




As shown in Figure A2.2, PPy nanoparticles prefer to assemble along 
the edges of GO nanosheets and rarely on the basal plane. The irregular edges 
of GO nanosheets possess higher negative charge density than the basal plane 








attraction force. Hence, positively charged PPy nanoparticles intend to move 
to the more negatively charged positions. Although the chemical structure of 
GO nanosheet is still implicit, our observations in the experiment delivered 
consistent information for the discussed model of GO nanosheet with 
hydrophobic basal plane and hydrophilic edge. 
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HYDROTHERMAL REDUCTION OF GRAPHENE OXIDE 
 
A3.1 Preliminary analysis 
Due to the insulating properties of GO nanosheets, reduction of GO is 
desired in electronic device applications. However, reduced GO (RGO) is 
easily aggregated without the aid of stabilizing agents, which may 
significantly decrease the specific surface area of the support materials. It has 
been intensively investigated to address the problem. Dispersion of polymer 
nanoparticles into GO nanosheets by Langmuir-Blodgett assembly could 
facilitate the retaining of large specific surface area for RGO. Hence, an 
environmental-friendly method is needed to reduce GO without damaging the 
nanostructure of GO-based polymer composites prepared by LBL assembly. 
Hydrazine hydrate reduction is one of the most common methods for 
this function without the consideration of environmental issue. Besides 
environmental factor, it is also expected to form a more compact and 
hierarchical nanostructure composite based on mingled GO and polymer 
materials. Herein, hydrothermal reduction is introduced as a green alternative 
method. At the high pressure atmosphere of hydrothermal condition, 
supercritical water plays the role of reducing agent. With strong electrolytic 
solvent power, it catalyzes a variety of heterolytic bond cleavage reactions and 
transforms carbohydrate molecules to homogeneous carbon nanoparticles 
(Zhou, Bao et al. 2009). Additionally, hydrothermal reduction drives the 
formation of 3D interconnected porous nanostructure and the impregnation of 




PPy nanoparticles into the pores of GO support material hydrogel with higher 
moving speed.  
Hydrothermal reduction of GO nanosheets was conducted in different 
concentrations, marked as RGO-1 at 2 mg mL-1 and RGO-2 at 4 mg mL-1. 
Elemental analysis carried out by XPS survey scan of GO, RGO-1 and RGO-2 
reveals the efficiency of reduction is also affected by the concentrations of GO 
nanosheets. Table 4.3 summarized elemental mass percentages for three 
samples. Apparently, hydrothermal reaction leads to significant reduction of 
GO. 
Table A3.1 XPS analysis of elements O, N, C in GO, RGO-1 and RGO-2. 
 
GO RGO-1 RGO-2 
O 36.33% 28.09% 17.24% 
N 1.30% 1.41% 0.92% 
C 62.37% 70.50% 81.84 
 
SEM observations provide direct morphological information for GO-
based composites. As shown in Figure A3.1(A), it was observed that 
ultrasonication could not result in effective intercalation of PPy nanoparticles 
into GO nanosheets to prevent aggregation. In contrast, Figure A3.1(B) 
indicates that hydrothermal reaction could not only reduce GO but also 
facilitate the intercalation of PPy nanoparticles into GO nanosheets to stabilize 
the few-layer RGO nanosheets. 
 





Figure A3.1 SEM of as-prepared sample before and after hydrothermal reaction, using GO (2 
mg mL-1) and PPy (1 mg mL-1) respectively. 
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